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Shallow submarine hydrothermal systems are extreme environments with unique 
biogeochemical conditions, originating from (1) the interaction of hot, reduced fluids and cold, 
oxygenated seawater, and (2) the possibility of simultaneous primary production by photo- and 
chemosynthesis. The flux of carbon, reduced molecules and trace elements from hydrothermal 
vents is mainly controlled by dissolved organic matter (DOM), which is one of the largest pools 
of organic carbon in the oceans and therefore plays a major role in key biogeochemical cycles. 
However, the influence of hydrothermal activity on DOM at a molecular level has not been 
investigated, and an holistic understanding of the functioning of marine shallow systems is 
currently lacking. The aim of this thesis was to investigate the imprint of the exclusive 
biogeochemistry of marine shallow hydrothermal systems on (1) the DOM molecular signature 
and associated redox processes at the interface between fluids and seawater (Chapters 3, 4, S8), 
and (2) the role of chemoautotrophy in carbon fixation at hydrothermally influenced sediments 
(Chapters 5, S7). 
The study sites were three contrasting shallow systems off Dominica (Caribbean Sea), Milos 
(Eastern Mediterranean) and Iceland (North Atlantic). In contrast to the predominantly meteoric 
fluids from Dominica and Iceland, hydrothermal fluids from Milos were mainly fed by 
recirculating seawater. Milos fluids were also strongly enriched in hydrogen sulfide (H2S) and 
dissolved organic sulfur (DOS), as indicated by high DOS/DOC ratios and by the fact that 93% of 
all assigned DOM molecular formulas exclusively present in the fluids contained sulfur. Evaluation 
of hypothetical pathways suggested DOM reduction and sulfurization during seawater 
recirculation in Milos seafloor. The four most effective pathways were those exchanging an O 
atom by one S atom in the formula or the equivalent + H2S reaction. In all three systems, low O/C 
molar ratios in the fluids suggested shallow hydrothermal systems as a source of reduced DOM 
and DOS, which will likely get oxidized upon contact with oxygenated seawater (Chapter 3).  
In Dominica, hydrothermal fluids were strongly enriched in dissolved Fe2+, leading to the 
precipitation of Fe3+ oxides in the oxic surface sediment. The marine hydrothermal iron-DOM 
interaction was characterized at a molecular level and the role of chemosynthesis in carbon 
fixation was investigated. The formation of Fe3+ oxides upon aeration of the hydrothermal fluids 
for 10 h led to an 8% decrease in dissolved organic carbon (DOC), indicating co-precipitation of 
iron and DOM. Re-solubilization of iron precipitates revealed increased relative abundance of 
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aromatic compounds in co-precipitated DOM, which is in accordance with iron-coagulation 
observed in terrestrial environments (Chapter 4). On the other hand, bacterial community 
structure analysis revealed the presence of key players in iron cycling generally known from deep-
sea vents (e.g. Zetaproteobacteria), suggesting biologically mediated iron redox processes in the 
Dominica system. Uptake of 13C-bicarbonate into fatty acids under light and dark conditions 
revealed the potential of active photo- and chemoautotrophic communities, indicating that 
chemosynthesis was responsible for up to 65% of total carbon fixation (Chapter 5).  
In conclusion, this thesis (1) reveals novel insights about DOM and DOS dynamics in marine 
hydrothermal ecosystems, suggesting a conceptual framework for molecular-scale mechanisms 
in organic sulfur geochemistry; (2) provides evidence for co-precipitation of DOM with iron at 
hydrothermal systems as a selective process, which characteristically alters the molecular 
composition of DOM released with hydrothermal fluids; and (3) highlights shallow hydrothermal 
systems as hotspots for chemoautotrophy, emphasizing chemosynthesis as a major process of 
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Hydrothermale Quellen in flachen Küstengewässern sind extreme Lebensräume in denen 
einzigartige biogeochemische Bedingungen vorherrschen. Diese entstehen durch (1) das 
Aufeinandertreffen von heißen, reduzierten Fluiden und sauerstoffreichem Meerwasser und (2) 
die Möglichkeit zur Primärproduktion einerseits durch Photo- aber auch Chemosynthese. Der 
Fluss von Kohlenstoff, reduzierten Molekülen und Spurenelementen von diesen Quellen, ist stark 
von dem gelösten organischen Material (DOM, aus dem Englischen dissolved organic matter) 
abhängig, welches eines der größten Kohlenstoffreservoire der Ozeane darstellt. Der Einfluss von 
hydrothermaler Aktivität auf dieses DOM ist auf molekularer Ebene jedoch kaum erforscht. 
Ebenso ist ein ganzheitliches Verständnis der Funktionsweise von Hydrothermalquellen in 
flachen Gewässern noch nicht entwickelt worden. Das Ziel der vorliegenden Arbeit war es zu 
untersuchen wie die einzigartige Biogeochemie von Hydrothermalquellen in flachen Gewässern 
(1) die DOM Signatur und die assoziierten Redoxprozesse beeinflusst (Kapitel 3, 4 und S8) und (2) 
die Chemosynthese die autotrophe Kohlenstoffassimilation prägt (Kapitel 5, S7). 
Dazu wurden drei unterschiedliche Systeme vor Dominica (Karibik), Milos (östliches Mittelmeer) 
und Island (Nord Atlantik) untersucht. Während die Fluide in Dominica und Island hauptsächlich 
von Niederschlag gespeist wurden, ist Milos charakterisiert durch die Dominanz von 
rezirkuliertem Meerwasser. Auch waren die Fluide in diesem Fall stark mit Schwefelwasserstoff 
(H2S) und gelöstem organischen Schwefel (DOS) angereichert. Dieses zeigte sich sowohl in dem 
hohen Verhältnis von gelöstem organischem Schwefel zu Kohlenstoff (DOS/DOC) als auch in der 
Tatsache, dass 93% der DOM Formeln, die nur in den Fluiden auftraten, Schwefel enthielten. Die 
Auswertung verschiedener hypothetischen Reaktionswege legte dabei eine Reduktion und 
Sulfurisierung des DOM während der Rezirkulation nahe, möglicherweise durch Ersetzen eines 
Sauerstoffatoms durch Schwefel oder H2S. In allen drei Systemen bestätigten niedrige molare 
O/C Verhältnisse Hydrothermalquellen als Ursprung von reduziertem DOC und DOS, welche bei 
Kontakt mit dem sauerstoffreichen Meerwasser schnell oxidert werden können (Kapitel 3). 
In Dominica waren die Fluide stark mit gelöstem Fe2+ angereichert, was zur Präzipitation von Fe3+ 
Oxiden an der oxischen Sedimentoberfläche führte. Dieses System eignete sich daher zur 
Untersuchung der Interaktion von Eisen und DOM auf molekularer Ebene und der Rolle von 
Chemoautotrophie in der Kohlenstoffassimilation. Kopräzipitation von Eisen und DOM wurde 
experimentell durch 10-stündigen Kontakt der hydrothermalen Fluide mit Luft nachgewiesen: die 
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Präzipitation von Fe3+ Oxiden führten zu einem DOM Verlust von 8%. Die Wiederauflösung der 
präzipitierten Oxide ergab eine Anreicherung an aromatischen Verbindungen und lieferte somit 
Beweise für eine selektive Kopräzipitation. Ähnliche Ergebnisse waren zuvor in terrestrischen 
Milleus beschrieben worden (Kapitel 4). Die Zusammensetzung der mikrobiellen Gemeinschaft in 
diesem System wurde ebenfalls analysiert. Organismen, die eine tragende Rolle in dem 
Eisenzyklus von Tiefseehydrothermalquellen spielen, waren auch hier vertreten (z.B. 
Zetaproteobacteria) und suggerieren einen aktiven Beitrag dieser Organismen zum 
biogeochemischen Eisenkreislauf. Diese Annahme wurde mit der experimentellen Untersuchung 
der Kohlenstoffassimilation mittels Isotopenmarkierung untermauert. Einbau von 13C 
markiertem Hydrogenkarbonat in Fettsäuren bei Licht und in der Dunkelheit unterschied den 
Beitrag von Photo- und Chemoautotrophie, und zeigte dass bis zu 65% der Kohlenstofffixierung 
auf Chemosynthese zurückzuführen war (Kapitel 5). 
Diese Arbeit hat somit (1) eine neue Einsicht in DOM und DOS Dynamiken in hydrothermalen 
Systemen und einen konzeptuellen Rahmen für die Schwefel Geochemie auf molekularer Ebene 
hervorgebracht; (2) Beweise für die Kopräzipitation von Eisen und DOM geliefert und diese als 
einen selektiven Prozess entlarvt, der die DOM Komposition nachhaltig prägt; (3) hydrothermale 
Systeme in flachen Gewässern als einen Hotspot für Chemoautotrophie identifiziert, und 
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1.1. Life on Earth: from inorganic to organic carbon 
Anytime you are playing a quiz and the question “what is in common between X and Y?” pops up, 
there is a certain answer you can always reply as long as X and Y are or were alive: “carbon”, the 
building block of life. The main characteristics allowing carbon to be such an important element 
are (1) the ability to form a huge variety of compounds with different properties; and (2) the ideal 
strength of its chemical bonds, sufficiently high to allow stability but low enough not to impose 
prohibitive energy costs to an organism in synthesizing and transforming compounds (Killops and 
Killops, 2005). On a global basis, carbon is present in all of Earth´s major reservoirs: the 
atmosphere, the lithosphere, dead and living biomass, the oceans and other aquatic 
environments (Fig. 1.1). However, there are only two ways of primary production in which new 
organic carbon is synthesized: via photosynthesis or chemosynthesis. Most of the primary 
producers are capable of growing with carbon dioxide (CO2) as their only inorganic carbon source 
and are therefore denominated photo- and chemoautotrophs (Field et al., 1998; Falkowski et al., 
2000; Madigan et al., 2003). 
Photoautotrophic organisms are found in nature in habitats where energy from light is available 
and subsequently used in the reduction of CO2 to organic compounds. In contrast, 
chemosynthetic organisms base their metabolism on the oxidation or reduction of chemical 
compounds to obtain energy. Although photosynthesis is the dominant process in primary 
production worldwide (Field et al., 1998), the ecological success and metabolic diversity of 
chemosynthesis relies on their extraordinary adaptability to diverse environments and the 
variety of sources and supplies of inorganic electron donors in nature. For instance, they can 
originate from geological processes (e.g. volcanic activity releasing reduced compounds), 
biological reactions (e.g. bacteria producing electron donors and acceptors) or anthropogenic 
input (e.g. burning of fossil fuels and input of industrial wastes) (Falkowski et al., 2000; Madigan 
et al., 2003). Besides carbon, another prerequisite for life as we know it is liquid water. This is the 
medium in which biochemical reactions take place and usually the main constituent of organisms. 
This requirement obviously imposes limits (e.g. temperature; Siskin and Katritzky, 1991) on 
environments that can be considered suitable for life (Killops and Killops, 2005). On the other 




1.2. Life in the oceans: the DOM matters 
Organic carbon in the oceans is present in two forms: particulate and dissolved organic carbon 
(POC and DOC). DOC represents about half of the dry weight of the dissolved organic matter 
(DOM), also containing hydrogen, oxygen, nitrogen, sulfur, phosphorus and most of the trace 
metals in seawater which are organically bound (Krogh, 1934; Benner, 2011; Dittmar and 
Stubbins, 2014). For long there has been an ongoing debate of how to delimit organic matter that 
can be considered dissolved (Hedges, 1992). DOM is currently defined as the organic components 
in water that pass through a 0.2 − 0.7 μm filter and its importance in global geochemistry is 
undeniable (Dittmar and Stubbins, 2014). It relies on the enormous amount of DOC in the oceans, 
quantified as more than 200 times the carbon in all living marine biomass (Hansell et al., 2009) 
and being similar to all atmospheric CO2 (Hedges, 1992) (Fig. 1.1). Furthermore, DOM plays a 
major role in key biogeochemical cycles as it is the main mediator for the energy transfer from 
autotrophs to higher trophic levels in the ocean, and conducts the flux of carbon, nutrients and 
trace elements in and between terrestrial and marine ecosystems (Dittmar and Stubbins, 2014). 
Therefore, changes in DOM dynamics have implications for local and global carbon cycling 
processes (Battin et al., 2009; Dittmar and Stubbins, 2014; German et al., 2015). 
 
Fig. 1.1: Carbon estimation in Earth´s major reservoirs, highlighting the amount of organic carbon 
dissolved in the oceans (DOC), similar to atmospheric CO2 and more than 200 times the C in all living 
aquatic biomass. Photography courtesy of T. Dittmar. Data modified after Schlesinger, 1997; Falkowski 
et al., 2000 and Hansell et al., 2009. 
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The presence and residence time of DOM in the ocean results from the combination of 
complementary processes of production and removal. Interestingly, while much of the freshly 
produced DOM is rapidly processed by heterotrophic microorganisms, the average radiocarbon 
age of DOM in the deep ocean is 3,000 – 6,000 years (Williams and Druffel, 1987; Bauer et al., 
2002). Therefore, there is a DOM fraction which enigmatically resists or escapes microbial 
degradation to accumulate in the oceans. This is denominated as refractory DOC and has very 
low reactivity with an apparent turnover time of up to 30 − 40,000 years (Hansell, 2013; Carlson 
and Hansell, 2015; Dittmar, 2015; Hawkes et al., 2015). Potential hypotheses for this peculiar 
stability relate the reactivity of DOM to (1) environmental conditions (e.g. accumulation of DOM 
in anoxic areas of the Black Sea; Albert et al., 1995), (2) extremely resistant molecular structure 
(e.g. thermogenic black carbon with radiocarbon ages > 10,000 years; Hansell, 2013) or (3) scarce 
substrate concentration (e.g. dilution limiting DOC consumption in deep ocean; Arrieta et al., 
2015) (Dittmar, 2015).  
Despite the paradox of stability, many of the global processes in production and removal of DOM 
are well understood. For example, it is well known that the euphotic zone is the principal site of 
organic matter production in open oceans (Hansell et al., 2009). The numerous mechanisms on 
DOM production include (1) extracellular release by phytoplankton, (2) grazer-mediated release 
and excretion, (3) release via lysis of bacteria and viruses, or (4) solubilization of detrital and 
sinking particles. In contrast, DOM removal processes include (1) biotic consumption, (2) 
photodegradation, (3) sorption onto particles, (4) condensation of marine microgels, or (5) 
hydrothermal circulation (Carlson and Hansell, 2015). On a global perspective, hydrothermal 
removal rates are of minor relevance to the total DOC in the oceans (Lang et al., 2006; Hansell, 
2013). However, abiotic thermal degradation is a mechanism that can efficiently remove mostly 
all of the refractory DOC. This means that hydrothermal circulation limits the accumulation of the 
long-time persistent DOM fraction (Hawkes et al., 2015), which cannot be removed by any of the 
processes mentioned before. Therefore, the maximum lifetime of a DOC molecule in the oceans 
is theoretically restricted by the total recycling time of all oceanic water through high-
temperature hydrothermal systems, which is about 40 million years (Elderfield and Schultz, 1996; 
Hawkes et al., 2015). The transformation that DOM experiences in its passage through the 
subsurface hydrothermal environment is only one example of the unique perspective into geo-




1.3. Hydrothermal systems: into the dark-side 
The concept of life in the oceans was altered with the discovery of deep-sea hydrothermal vents 
in 1977 on the Galápagos Rift (Lonsdale, 1977; Corliss et al., 1979). For the first time, life was 
identified in the complete absence of light as main source of energy and chemosynthesis was 
conceived as a predominant form of organic carbon production (Jannasch and Wirsen, 1979; 
Jannasch and Mottl, 1985). Chemoautotrophic microorganisms in hydrothermal systems are able 
to assimilate inorganic carbon into biomass and effectively transfer the energy from the 
geothermal source to higher trophic levels (Sievert and Vetriani, 2012). Hydrothermal 
environments originate when deep seawater, cool and dense compared to overlying seawater, 
percolates into fissures in the basaltic crust emplaced at mid-ocean ridges and back-arc spreading 
centers. Seawater penetrates into the crust, gradually heating up as it approaches the heat 
source of the underlying magma chamber. This massive heat source warms the water, causing it 
to expand and become less dense, forcing it upward again through the crust and reacting with 
the different minerals. Afterwards, the vents release hydrothermal fluids, which are chemically 
modified seawater at hotter temperatures (< 400 °C) than surrounding seawater (2 – 4 °C; 
Andrews et al., 2004). As a result, the hydrothermal fluids are often enriched in minerals and 
metals (e.g. Fe2+, Cu2+; Sander and Koschinsky, 2011) and represent an extraordinary source into 
the ocean of a variety of inorganic (e.g. H2S, H2, S0, S2O32-; Konhauser, 2007) and organic 
compounds (e.g. methane, long-chain or polycyclic aromatic hydrocarbons; McCollom and 
Seewald, 2007). This unique cocktail of electron donors and acceptors leads to the formation of 
oases of very heterogenous microbial habitats with exclusive metabolic strategies (e.g. Dahle et 
al., 2015; Stokke et al., 2015), showing that life on Earth can be more diverse, widespread and 
resistant than previously thought possible. 
Hydrothermal systems are one of the oldest continuously functioning ecosystems on Earth with 
microfossils observed in hydrothermal sulfide deposits that were 3.2 billion-years old 
(Rasmussen, 2000). Therefore, the extremophiles inhabiting hydrothermal environments are 
living records of changes that occurred over geological time. Diverse mesophilic, thermophilic 
and hyperthermophilic Bacteria and Archaea have been reported in deep-sea hydrothermal 
vents, being Epsilonproteobacteria, Aquificales and sulfur-oxidizing Gammaproteobacteria the 
most abundant primary producers identified (e.g. Flores et al., 2011; Sievert and Vetriani, 2012; 
Olins et al., 2013; Reeves et al., 2014; Stokke et al., 2015). The investigation of extremophiles 
from modern analogs can potentially provide insights into the functioning of ancient microbial 
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ecosystems (e.g. Crowe et al., 2008) and the study of organic carbon at hydrothermal systems is 
of particular interest for those investigating the chemical environment of the early Earth and 
other planetary bodies (e.g. Shock and Schulte, 1998; Lang et al., 2010). On a global perspective, 
the hydrothermal influence of seawater at mid-ocean ridges and back-arc spreading centers has 
a profound effect on the chemistry and budgets of some major and trace elements in seawater. 
Some estimates suggest that warm ridge-flank sites may remove each year as much as 35% of 
the riverine flux of sulfur to the oceans (Wheat and Mottl, 2000), and that about 9% of deep-
ocean iron is introduced by hydrothermal fluids (Sander and Koschinsky, 2011). 
 
1.3.1. Sulfur cycle in hydrothermal environments 
Sulfur is abundant in the oceans where it is present mainly as sulfate (SO42-). Rivers and 
atmospheric deposition are the major sources of sulfate to the sea, while biogenic pyrite in 
sediments and metallic sulfides precipitated at hydrothermal vents are the main marine sinks 
(Schlesinger, 1997; Brimblecombe, 2005). The characteristic “black smoke” released at deep-sea 
vents is usually enriched in polymetal sulfides, that will oxidize to sulfur and ultimately to sulfate 
in oxygenated seawater. The reduced sulfur is also utilized by the ecological communities that 
develop close to vents (Jannasch, 1985; Sievert and Vetriani, 2012). For instance, the sulfur-
oxidizing bacteria are capable of growing chemoautotrophically on reduced sulfur compounds, 
H2S being the most common electron donor and usually oxygen (O2) the electron acceptor 
(Konhauser, 2007). Therefore, the significance of the sulfur cycle, both abiotic and biotic, in 
hydrothermal environments is undeniable.  
Organic sulfur compounds are universally distributed in marine sediments and are quantitatively 
the second most important sulfur pool only behind pyrite (Zaback and Pratt, 1992; Werne et al., 
2004; Zhu et al., 2014). Sulfur plays a considerable role in the various transformations of organic 
matter, from early diagenesis to the late stage of catagenesis, due to its ability to exist in many 
different oxidation states (Aizenshtat et al., 1995). Some sulfur compounds like thiols determine 
the mobility of essential and hazardous elements such as mercury in aquatic ecosystems 
(Skyllberg et al., 2003; Dupont et al., 2006). It is also well known that abiotic sulfurization can 
contribute to the stabilization of organic matter (Sinninghe Damsté et al., 1989) but whether it 




In ocean water, the main group of dissolved organic sulfur (DOS) was identified as unreactive 
sulfonic acids, which are fully oxidized and hydrolyzed (Pohlabeln and Dittmar, 2015). A 
significant contribution to the understanding of DOS origin and fate may be achieved through the 
investigation of its biogeochemistry at hydrothermal environments. In hydrothermal systems, 
reduced sulfur compounds are expected to be released and quickly oxidized to form sulfonic 
acids once they reach the oxic sediment surface or water column. Some functional groups like 
thiols and thioethers could be produced by reaction of reduced inorganic sulfur compounds with 
organic matter (Sinninghe Damsté et al., 1989; Aizenshtat et al., 1995; Schneckenburger et al., 
1998; Hertkorn et al., 2013) and then rapidly oxidize to sulfonic acids as well (Pohlabeln and 
Dittmar, 2015). However, neither the pathways of sulfurization nor of oxidation of DOS at 
hydrothermal systems are well understood (Zhu et al., 2014; Pohlabeln and Dittmar, 2015). 
 
1.3.2. Iron cycle in hydrothermal systems 
Iron can exist in seawater in two oxidation states, Fe2+ and Fe3+, free or complexed with inorganic 
and organic ligands (Liu and Millero, 2002). In the ancient anoxic ocean of the Archean Eon, iron 
was predominantly in the ferrous form (Fe2+), likely derived from hydrothermal systems 
(Jacobsen and Pimentel-Klose, 1988; Bau and Möller, 1993). Large scale oxidation of Fe2+ to Fe3+ 
occurred after the increase in dissolved oxygen, leading to the formation of massive deposits of 
iron-rich minerals known as banded iron formations (e.g. Konhauser et al., 2007). In modern oxic 
oceans, iron sources include aeolian deposition, continental runoff and hydrothermal fluid 
discharge (Moore et al., 2002; Sander and Koschinsky, 2011). However, iron oxidizes slowly in 
hydrothermal plumes due to the presence of natural organic ligands that are bound to nearly all 
dissolved iron (Rue and Bruland, 1995; Toner et al., 2009; Benner, 2011; Sander and Koschinsky, 
2011).  
Evidence for a close coupling between organic carbon and Fe3+ oxides fluxes in deep-sea 
hydrothermal plumes has been established (German et al., 2015), but it remains to be 
determined whether this is as a result of biotic or purely abiotic geochemical processes (Bennett 
et al., 2011). For instance, the presence of sulfide leads to pyrite nanoparticles (FeS2) increasing 
the probability that vent-derived iron will be transported over long distances in the water column 
(Yücel et al., 2011). In terrestrial environments, such as in iron-rich peatlands, redox interfaces 
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have been proposed as selective intermediate barriers for land-derived DOM (Riedel et al., 2013). 
However, the selectivity of DOM interacting with iron and trace metals in marine environments 
is not well understood (Gledhill and Buck, 2012; Bennett et al., 2011; Dittmar and Stubbins, 2014).  
Iron is an essential trace element and frequently acts as a limiting micronutrient (Martin and 
Fitzwater, 1988). Uptake of Fe3+ is an important mechanism for iron incorporation by 
phytoplankton (Shaked and Lis, 2012) and Fe3+ colloids can provide nutrition to primary 
producers (Chen et al., 2003). The capacity to reduce or oxidize iron is widespread among the 
evolutionary trees of Bacteria and Archaea (Lovley, 2006; Emerson et al., 2010). While numerous 
taxa are potentially capable of reducing iron (e.g. Lovley, 2006; Handley et al., 2010; Ionescu et 
al., 2015), knowledge about marine iron oxidizers is scarce and mainly limited to the 
Zetaproteobacteria (Emerson et al., 2010). The best-documented Zetaproteobacteria is the 
Mariprofundus ferrooxydans, isolated from iron rich microbial mats associated with 
hydrothermal venting in a submarine volcano at 1,300 water depth (Loihi Seamount, Hawaii; 
Emerson and Moyer, 2002; Emerson et al., 2007). Besides deep-sea vents, Zetaproteobacteria 
have been described in brackish nearshore marine environments (McBeth et al., 2011), 
groundwater in the Baltic Sea (Ionescu et al., 2015) and in a marine shallow hydrothermal system 
off Santorini (Greece) (Hanert, 2002; Handley et al., 2010). These hydrothermal systems 
occurring in shallow-waters are vastly understudied marine ecosystems, although they can 
provide key insights into the biogeochemistry of hydrothermal environments and their role in 
the oceans. 
 
1.4. Marine shallow hydrothermal systems 
1.4.1. Exclusive biogeochemistry 
Hydrothermal activity has been operating for most of the Earth´s history, occurring over a wide 
depth range in the oceans, from intertidal to the abyss (Sander and Koschinsky, 2011; Hawkes et 
al., 2014). The hydrothermal vents located at less than 200 m water depth are categorized as 
marine shallow-water hydrothermal systems (Tarasov et al., 2005). They are extreme 
environments with strong redox gradients and unique biogeochemical conditions originating 
from (1) the interaction of hot, reduced fluids and cold, oxygenated seawater; and (2) the 
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possibility of simultaneous primary production by chemo- and photosynthesis due to the 
availability of light (e.g. Amend and Shock, 1998; Dando et al., 2000; Tarasov et al., 2005). 
 
Fig. 1.2: Commonalities and differences between deep-sea (left) and 
shallow-water (right) hydrothermal systems. Photos: MARUM (deep-
sea) and A. Madisetti (shallow). 
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The exclusive biogeochemistry of shallow hydrothermal systems relies on commonalities and 
differences with deep-sea hydrothermal vents and marine coastal environments without 
hydrothermalism. While in deep-sea vents the fluids derive from seawater recirculating through 
the crust, shallow hydrothermal fluids are originated from meteoric sources although discharging 
in a submarine environment, along with recirculating seawater with magmatic contribution 
(Giggenbach, 1992; Pichler, 2005). Furthermore, marine shallow hydrothermal systems host a 
higher input of allochthonous organic matter, generated on the terrestrial environment in the 
vicinity of the vents, or in the shallow, euphotic and continuously mixed water column, with close 
bentho-pelagic coupling and typically high rates of primary production (Field et al., 1998; 
Behrenfeld et al., 2005; Cloern et al., 2014). The additional input of allochthonous organic matter 
together with the less severe fluids temperature (< 120 °C shallow systems; < 400 °C deep-sea 
vents; Tarasov et al., 2005) generally sustain a higher variety of heterotrophic thermophiles in 
marine shallow hydrothermal systems than in deep-sea vents (e.g. Sievert et al., 1999; 2000) (Fig. 
1.2). 
Regarding the autochtonous organic matter, the general consensus is that chemosynthesis 
represents a minor process in marine coastal sediments where no hydrothermal activity takes 
place, due to the lower concentration of reduced chemicals, the relatively low growth yields of 
chemoautotrophic organisms and the competition with chemical oxidation reactions (Jørgensen 
and Nelson, 2004). However, a recent study of lipid signatures concluded that dark carbon 
fixation can be considered a major process even in intertidal coastal sediments without 
hydrothermalism (Boschker et al., 2014). Marine shallow hydrothermal systems generally host 
higher input of autochthonous organic matter than deep-sea vents, where it is thought to be 
exclusively produced by chemosynthesis (Jannasch and Mottl, 1985). Previous work has shown 
that the proportion of chemoautotrophy to photosynthetic primary production differs from one 
shallow hydrothermal system to the other (Tarasov et al., 2005). Therefore, the relative 
importance of chemoautotrophy and photoautotrophy for primary production in marine shallow 
hydrothermal systems is still an open research question.   
Marine shallow hydrothermal systems have been investigated using traditional geochemical 
approaches (e.g. McCarthy et al., 2005; Price et al., 2013a) and bacterial community structure 
analyses (e.g. Sievert et al., 1999; 2000; Giovanelli et al., 2013; Price et al., 2013b). However, 
comprehensive studies targeting the predominant biogeochemical processes and DOM 
transformations at shallow hydrothermal systems are rare, and an holistic understanding of the 
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functioning of these ecosystems is currently lacking. The analysis of lipid signatures in natural 
environments offers a unique approach. Lipids can provide quantitative information about the 
community structure without the necessity of culturing and isolation, as well as reveal basic 
information about the adaptation of microbes to varying environmental conditions (White, 1988; 
Hayes et al., 1990; Hinrichs et al., 1999; Hayes, 2001; Bühring et al. 2009; Lincoln et al., 2014). In 
hydrothermal environments, lipids have been used to decipher carbon flow at deep-sea vents 
(e.g. Bradley et al., 2009; Reeves et al., 2014) and in terrestrial hot springs (e.g. van der Meer et 
al, 2000; Schubotz et al., 2013). However, this approach has not yet been applied to quantify the 
role of chemoautotrophy in carbon fixation in marine shallow hydrothermal systems. 
 
1.4.2. Global distribution 
Despite the easy accessibility of marine shallow hydrothermal systems as compared to deep-sea 
vents, they are relatively unknown from a scientific point of view. An online search into the Web 
of Science (Thomson Reuters; 27.09.2015) identified 202 scientific articles with “shallow” + 
“hydrothermal” in the title, in contrast to 863 scientific articles with “deep” + “hydrothermal”. 
While more than 300 sites of high-temperature hydrothermal venting have been identified since 
the discovery of deep-sea vents (Hannington et al., 2011), publications dealing with shallow-
water systems investigated only 31 different locations worldwide, in marine coastal areas 
generally associated with volcanic (e.g. Dando et al., 2000) or tectonic activity (e.g. Vidal et al., 






































































































































































































































































Table 1.1: Location of the 31 marine shallow hydrothermal systems reported to date, from western 
to eastern longitude (as shown in Fig. 1.3) and corresponding references obtained after online 
search (Web of Science: “shallow” + “hydrothermal” in the title, 202 results; 27.09.2015). The region 
and ocean/sea are adapted from InterRidge Vents Database Version 3.1. 





United States  
North Pacific 







Vidal et al., 1978; Vidal et al., 1981; Prol-Ledesma et al., 
2004; Tarasov et al., 2005; Arango-Galvan et al., 2011 
3 





Canet et al., 2005; Forrest et al., 2005; Melwani and Kim, 








Núñez-Cornú et al., 2000; Prol-Ledesma, 2003; Alfonso et 
al., 2005; Tarasov et al., 2005; Canet and Ledesma, 2007; 
Estradas-Romero and Prol-Ledesma, 2014 
5 Saba Island 
Lesser Antilles Arc 
Netherlands 
North Atlantic 
Stancheva and Deheyn, 2010 
6 Guadeloupe Island 
Lesser Antilles Arc 
France 
North Atlantic 
Villemant et al., 2014 
7 Dominica Island 
Lesser Antilles Arc 
Dominica 
Caribbean Sea 
McCarthy et al., 2005; Kleint et al., 2015 




Rajasabapathy et al., 2014, 2015 




Wallenstein et al., 2009a, 2009b, 2013 
10 
Dom João de Castro 
Bank 
Mid-Atlantic Ridge 
Azores, Portugal  
North Atlantic 
Cardigos et al., 2005; Tarasov et al., 2005; Raghukumar et 
al., 2008; Mohandass et al., 2012 




Kristjansson et al., 1986; Hobel et al., 2005 




Fricke et al., 1989; Burggraf et al., 1990; Botz et al., 1999; 







Stetter, 1982; Dando et al., 1999; Tarasov et al., 2005; 
D´Antonio et al., 2007; Dando et al., 2010 




Gugliandolo and Maugeri, 1993, 1998; Sedwick and 
Stüben, 1996; Dando et al., 1999; Caccamo et al., 2000; 
Nicolaus et al., 2000; Dekov and Savelli, 2004; Svensson et 
al., 2004; Skoog et al., 2007; Dando et al., 2010; Capasso et 
al., 2014 




Lucila et al., 1996; Panieri et al., 2005; Tarasov et al., 2005; 
Panieri, 2006; Manini et al., 2008; Maugeri et al., 2009, 
2010a,b; Vizzini et al., 2010; Gugliandolo et al., 2012; 
Karuza et al., 2012; Maugeri et al., 2013; Lentini et al., 
2014; Price et al., 2015 
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Stueben et al., 1996; Canganella et al., 2005; Tarasov et al., 
2005; Dando et al., 2010; Maugeri et al., 2010a 
17 Milos Island 
Hellenic Arc  
Greece 
Mediterranean Sea 
Dando et al., 1995, 1998; Gamenick et al., 1998; Brinkhoff 
et al., 1999; Sievert et al., 1999, 2000a, 2000b; Wenzhofer 
et al., 2000; Kuever et al., 2002; Aliani et al., 2004; De Biasi 
et al., 2004; Valsami-Jones et al., 2005; Tarasov et al., 
2005; Wu et al., 2012; Giovannelli et al., 2012, 2013; 
Bayraktarov et al., 2013; Price et al., 2013a,b; Ruiz-
Chancho et al., 2013; Yücel et al., 2013; Gilhooly et al., 
2014; Kleint et al., 2015 
18 Santorini Island 
Hellenic Arc  
Greece 
Mediterranean Sea 
Smith and Cronan, 1983; Dando et al., 1995; Tarasov et al., 
2005; Kilias et al., 2013 




Manini et al., 2008; Zeppilli and Danovaro, 2009 




Jeng, 2000; Ng et al., 2000; Jeng et al., 2004; Chen et al., 
2005; Tarasov et al., 2005; Zhang et al., 2012; Wu et al., 
2013; Tang et al., 2013 




Nakamura et al., 2006; Takai et al., 2006; Nunoura et al., 
2013 




Takeda et al., 1993; Dando et al., 2010 




Hashimoto et al., 1993; Miura, 1997; Miura et al., 1997; 
Tarasov et al., 2005; Ishibashi et al., 2008; Kiyokawa et al., 
2012; Yamanaka et al., 2013; Miyoshi et al., 2013; 
Kiyokawa and Ueshiba, 2015 




Takeda et al., 1993; Tarasov et al., 2005; Dando et al., 2010 




Stueben et al., 1992; Türkay and Sakai, 1995; Tarasov et 
al., 2005 








New Britain Island  
Bismarck Arc 
Papua New Guinea 
South Pacific 





Papua New Guinea 
South Pacific 
Pichler and Dix, 1996; Pichler and Veizer, 1999; Pichler et 
al., 1999; Pichler, 2005; Price and Pichler, 2005; Tarasov et 
al., 2005; Karlen et al., 2006, 2010; Amend et al., 2007; 
Akerman and Amend, 2008; Akerman et al., 2011; Meyer-







Tarasov et al., 1986, 2005; Medvedev, 1991; Kharlamenko 
et al., 1995, 2009; Sorokin et al., 2003; Kamenev et al., 
2004; Tarasov, 2006 




Mei et al., 2014; Quemeneur et al., 2014 




Sarano et al., 1989; Kamenev et al., 1993; Stoffers et al., 





1.5. Study sites  
In this thesis, three contrasting shallow hydrothermal systems with different physicochemical 
properties were investigated in order to obtain representative information on carbon cycling and 
redox transformations linked to the essential biogeochemical cycles of sulfur and iron. The 
targeted locations were (1) Dominica, with Fe2+ enriched fluids leading to abundant Fe3+ oxides 
precipitates in the sediment and fluids derived mainly from meteoric water but also from 
recirculating seawater with magmatic input; (2) Milos, with fluids enriched in H2S and derived 
from seawater recirculating through the seafloor; and (3) Iceland, with low H2S and Fe 
concentrations but fluids highly influenced by terrestrial and meteoric sources (Fig. 1.4). 
 
Fig. 1.4: Main physicochemical properties of the three study sites of this thesis (number 7, 11 and 17 in 
Fig. 1.3). References a: McCarthy et al., 2005, b: Hobel et al., 2005 and c: Price et al., 2013a. Detailed 
information on the geochemistry of the three sites can be found in Table 3.1. Maps were created using 
Ocean Data View (R. Schlitzer, http://odv.awi.de) and Google Earth (http://earth.google.com). 
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1.5.1. Fe-enriched system in Dominica 
Dominica has been the volcanically most productive island in the Lesser Antilles arc over the last 
100,000 years and is one of the most productive worldwide (Wadge, 1984; Lindsay et al., 2005). 
It belongs to the Lesser Antilles archipelago, which represents one of only two active arc systems 
in the Atlantic Ocean. Most of the Lesser Antilles islands in the Caribbean Sea only have a single 
known vent (e.g. Saba, Stavia, Nevis, Montserrat, Guadeloupe and Saint Vincent) but Dominica 
has nine potentially active volcanic centres (Lindsay et al., 2005; Joseph et al., 2011). Dominica 
submarine hydrothermal venting occurs mainly along the submerged flank of the Plat Pays 
Volcanic Complex in the south-west of the island, with fluid temperatures ranging between 44 – 
75 °C (McCarthy et al., 2005; Kleint et al., 2015). The hydrothermal fluids are characterized by 
high concentrations of ferrous iron (Fe2+), which is immediately oxidized upon contact with 
oxygenated seawater, leading to the formation of orange patches in the sediment composed of 
hydrous ferric (Fe3+) oxide precipitates (McCarthy et al., 2005). The microbial community has not 
been characterized yet. In this thesis, the submarine venting systems at Champagne Reef and 
Soufrière Bay in the south-west of Dominica were investigated (Chapters 3, 4 and 5).   
1.5.2. H2S-rich system in Milos 
Milos Island is located in the tectonically active region of the Hellenic Volcanic Arc in the Eastern 
Mediterranean (Dando et al., 1999). Milos hydrothermal activity can occur on shore but also in 
shallow waters off the coast (e.g. Price et al., 2013a; Kleint et al., 2015). The marine shallow 
hydrothermal vents off Milos cover an area of about 35 km2 and hot fluids can reach 
temperatures up to 150 °C (Dando et al., 1995; 2000). Two types of venting activity are observed 
in Milos hydrothermal system: a gas-dominated focused flow with visible gas bubbles of CO2, H2, 
H2S and CH4, and a brine-rich fluid seep enriched in Ca2+, Na+, K+, SiO2, Mn2+ and NH3 (Dando et 
al., 1995; Yücel et al., 2013). Abundant yellow, white and orange patches appear in Milos 
sediment as a result of elemental sulfur or arsenic sulfide precipitates (Price et al., 2013a). The 
bacterial community in the hydrothermally influenced sediment is dominated by 
Epsilonproteobacteria, followed by Gammaproteobacteria increasing their relative abundance as 
the distance from the center of the vent increased (Giovannelli et al., 2013). In this study, the 
most intense submarine venting areas in the south-east Milos at Palaeochori and Spathi bays 
were investigated (Chapters 3 and S7).  
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1.5.3. Tidal cycle influenced vents in Iceland   
Iceland is located in the volcanically active Mid-Atlantic ridge system. The hot springs in the 
north-west region of the Reykjanes peninsula are considered as one of the most extreme 
microbial environments on Earth (Hobel et al., 2005). The Reykjanes geothermal system is 
supplied with deep fresh and slightly alkaline groundwater, has low sulfide concentrations and 
fluid temperatures ranging between 45 − 95 °C (Kristjansson et al., 1986). Freshwater hot springs 
are located on the seashore, from the tidal zone to about 100 m off the coast (Hobel et al., 2005). 
The hydrothermal vents in this area are influenced by tides as high as 4 m, leading to almost 100 
°C temperature fluctuations implying severe changes in salinity, light penetration and oxygen 
concentration (Hobel et al., 2005). Under low-tide conditions, the microbial community is 
dominated by terrestrial thermophilic genera (e.g. Thermus, Meiothermus, Chloroflexus and 
Thermonema) and at high-tide conditions moderate thermophiles, mesophilic marine or 
terrestrial Proteobacteria are identified (Hobel et al., 2005). In this thesis, the Hveravík Bay 
hydrothermal system in the Reykjanes peninsula in north-west Iceland was studied. A shallow 
vent air-exposed under low tide conditions, another vent permanently submerged and a 
terrestrial hydrothermal vent were investigated (Chapters 3 and S8). 
 
1.6. Methodological approach 
In this project, state-of-art methods were combined in two different interdisciplinary approaches 
to investigate the imprint of exclusive biogeochemistry of marine shallow hydrothermal systems 
on the DOM in the fluids and the organisms inhabiting the sediment at the vents (Fig. 1.5). 
1.6.1. Fluid characterization at a molecular level via FT-ICR-MS 
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) provides molecular 
information on individual compounds from the complex mixture of DOM without prior 
chromatographic separation. This technique was established in the 70´s (Comisarow and 
Marshall, 1974), but DOM characterization studies in combination with soft ionization techniques 
such as electrospray ionization (ESI) are dated to the early 2000´s (e.g. Kujawinski et al., 2002; 
Stenson et al., 2002). Due to high resolution and accuracy, thousands of elemental molecular 
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formulas containing C, H, O, N, S or P can be attributed to a single water sample (e.g. Koch et al., 
2005; Kujawinski and Behn, 2006; Schmidt et al., 2014). This approach is conceivable due to the 
mass defect of the elements, which is a concept based on the fact that neutrons and protons 
differ in their mass by a minuscule amount of one mass unit, and each electron contributes a 
small mass to its atom. Thus, each isotope of every chemical element has a distinctive mass 
defect and exact mass (e.g. 12C = 12.00000, 13C = 13.003355). Nowadays, FT-ICR-MS is capable of 
determining the mass of an intact molecule with an accuracy of better than 0.1 mDa (1.7 x 10-25 
g), the mass of a single electron being 0.5 mDa. Therefore, molecular formulas can be calculated 
mathematically combining the exact masses of the elements and precise DOM molecular masses 
are obtained (Marshall and Hendrickson, 2008; Dittmar and Stubbins, 2014).  
This FT-ICR-MS approach provides unique data sets to study the multitude of processes that 
affect the composition of the DOM pool in the oceans. For instance, microbial degradation and 
production (e.g. Kim et al., 2006; Kujawinski et al., 2009), input and selective degradation of 
terrestrial DOM (e.g. D´Andrilli et al., 2013; Riedel et al., 2013), ocean acidification (e.g. Zark et 
al., 2015) or light-dependent transformations (e.g. Gonsior et al., 2009; Stubbins et al., 2012; 
Gonsior et al. 2013). Furthermore, FT-ICR-MS is considered one of the most promising techniques 
to isolate and unequivocally identify dissolved metal-organic complexes in diverse natural water 
samples (Waska et al., 2015). While molecular DOM characterization of a range of marine 
habitats has become available in the last years (e.g. Osterholz et al., 2014; Lechtenfeld et al., 
2014), studies characterizing hydrothermal fluids are very scarce (e.g. Rossel et al., 2015) and the 
influence of hydrothermalism on DOM at a molecular level is consequently poorly understood. 
In this thesis, the molecular information obtained by FT-ICR-MS was complemented with 
quantification of DOC via high temperature catalytic combustion, general geochemical data 
measured in the field (T, pH and salinity), major, trace elements and DOS quantitative analyses 
by inductively coupled plasma-optical emission spectroscopy (ICP-OES), isotopic measurements 
of δ2H and δ18O by liquid water isotope analysis, radiocarbon analysis by accelerator mass 
spectrometry (AMS) and scanning electron microscope (SEM) images of iron oxides precipitates. 
Detailed information on the FT-ICR-MS analysis performed at the ICBM-University of Oldenburg 





1.6.2. Sedimentary microbial metabolism traced via 13C-labeling  
Lipid signatures in natural environments offer an exceptional approach to study indigenous 
microbial communities in modern (e.g. White et al., 1979; Harvey et al., 1986) and ancient 
environments (e.g. Brocks and Summons, 2003). They are based on the concept of biomarkers, 
which are defined as compounds with biological specificity and therefore only produced by a 
limited group of organisms (Eglinton et al., 1964; Eglinton and Calvin, 1967; Boschker and 
Middelburg, 2002). Lipid biomarkers provide basic information on the physiological response of 
microbes to environmental fluctuations and quantitative information about the community 
structure without the necessity of culturing and isolation (White, 1988; Hayes et al., 1990; 
Hinrichs et al., 1999; Hayes, 2001; Lincoln et al., 2014).  
The stable carbon isotopic information encoded in lipid biomarkers provides important 
indications on carbon assimilation pathways due to kinetic isotope effects, where organisms 
typically discriminate against heavier isotopes. The bonds formed by the lighter isotopes of an 
element are weaker, reacting faster than bonds formed by the heavier isotopes. Consequently, 
during carbon assimilation organisms fractionate 13C and 12C differently depending on the 
enzyme specificity and the substrates available (Hayes, 1993; Boschker and Middelburg, 2002). 
Since the early 90´s, advances in compound-specific isotope ratio mass spectrometry allow to 
trace the flow of organic compounds along different metabolic pathways (Hayes et al., 1990; 
Peterson, 1999; Hayes, 2001). The use of gas chromatography coupled to isotope ratio mass 
spectrometry (GC-irMS) permits to determine the relative ratio of heavy to light stable isotopes 
(e.g. 13C to 12C) in individual compounds of complex sample mixtures as deviation per mill (‰) 
from a reference material (the delta notation, e.g. ?13C). Targeted individual compounds must be 
introduced to the mass spectrometer as pure gases. In the case of carbon, the gas is CO2 and 
typically via combustion. Afterwards, it is possible to differentiate the isotopic slight variation of 
44 (12CO2) and 45 (13CO2) in mass per charge signal (m/z) (Meier-Augenstein, 1999). The detected 
isotopic ratio must be compared to a measured standard. For instance, carbon isotope ratios are 
measured relative to the international standard for carbon produced from a fossil belemnite 
found in the Pee Dee formation, a limestone formed in the Cretaceous period (Vienna Pee Dee 
Belemnite; VPDB) and has a 13C/12C ratio of 0.0112372, which is by definition the value of zero. 
By using 13C-labeled substrates, the carbon flow can be traced into the biomass of metabolic 
active organisms via investigation of the ?13C values of diagnostic lipid biomarkers (e.g. 
Middelburg et al., 2000; Boschker and Middelburg, 2002; Bühring et al., 2011). In this thesis, the 
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isotopic information obtained by stable isotope probing of lipid biomarkers was complemented 
with bacterial community structure analyses by Illumina next generation sequencing. Detailed 
information on the lipid biomarker analysis performed at the MARUM-University of Bremen 
(Germany) can be found in Chapter 5 (methods section) and summarized in Fig. 1.5. 
 
 
Fig. 1.5: Summary of the methodological approaches followed in this thesis, highlighting the outputs in 























2. HYPOTHESES and OBJECTIVES  
 
The aim of this thesis was to investigate the imprint of the exclusive biogeochemistry of marine 
shallow hydrothermal systems on (1) the DOM molecular signature and associated redox 
processes at the interface between fluids and seawater (Chapters 3, 4, S8), and (2) the role of 
chemoautotrophy in carbon fixation at hydrothermally influenced sediment (Chapters 5, S7). 
 
 
Hypothesis 1:  
Shallow hydrothermal systems are a marine source of reduced DOM and DOS, which will likely 
get oxidized upon contact with oxygenated seawater, and reduced during seawater recirculation 
through the subsurface. 
Objective: To characterize at a molecular level the exclusive DOM signature from 
hydrothermal fluids and the DOS dynamics at the redox interface of marine shallow 
hydrothermal systems.  
Approach: In Chapter 3, ultra-high resolution mass spectrometry (FT-ICR-MS) 
molecular information was complemented with general geochemical data, 
quantitative DOC and DOS analyses as well as isotopic measurements (δ2H, δ18O, 
F14C). The study sites were three contrasting shallow hydrothermal systems off 
Milos (Eastern Mediterranean), Dominica (Caribbean Sea) and Iceland (North 





Hypothesis 2:  
Co-precipitation of DOM with iron at hydrothermal systems is a selective process, which 
characteristically alters the molecular composition of DOM released with hydrothermal fluids. 
Objective: To study the iron-DOM interaction in hydrothermal environments and 
characterize the DOM fraction that co-precipitates with Fe3+ at a molecular level. 
Approach: In Chapter 4, the DOM in Dominica hydrothermal fluids and iron 
precipitates were characterized at a molecular level using FT-ICR-MS. This analysis 
was combined with general geochemical data and SEM images of iron oxides 




Hypothesis 3:  
Marine shallow hydrothermal systems are a hotspot for chemosynthetic processes due to the 
continuous supply of reduced substances from the hydrothermal fluids. 
Objective: To investigate the relative importance of chemoautotrophy over 
photoautotrophy for carbon fixation in shallow hydrothermal systems and identify 
potential lipid biomarkers for chemosynthesis. 
Approach: In Chapter 5, the incorporation of 13C-bicarbonate into lipid biomarkers 
was quantified in the presence and absence of light, and at different redox 
interfaces under dark conditions as a function of incubation time and sediment 
depth. The stable isotope probing experiments were combined with bacterial 
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Chapter 3 - Abstract 
Shallow submarine hydrothermal systems are extreme environments with strong redox gradients 
at the interface of hot, reduced fluids and cold, oxygenated seawater. Hydrothermal fluids are 
often depleted in sulfate when compared to surrounding seawater and can contain high 
concentrations of hydrogen sulfide (H2S). It is well known that sulfur in its various oxidation states 
plays an important role in processing and transformation of organic matter. However, the 
formation and the reactivity of dissolved organic sulfur (DOS) in the water column at 
hydrothermal systems are so far not well understood. We investigated DOS dynamics and its 
relation to the physicochemical environment by studying the molecular composition of dissolved 
organic matter (DOM) in three contrasting shallow hydrothermal systems off Milos (Eastern 
Mediterranean), Dominica (Caribbean Sea) and Iceland (North Atlantic). We used ultra-high 
resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) to 
characterize the DOM on a molecular level. The molecular information was complemented with 
general geochemical data, quantitative dissolved organic carbon (DOC) and DOS analyses as well 
as isotopic measurements (δ2H, δ18O, F14C). In contrast to the predominantly meteoric fluids from 
Dominica and Iceland, hydrothermal fluids from Milos were mainly fed by recirculating seawater. 
The hydrothermal fluids from Milos were enriched in H2S and DOS, as indicated by high DOS/DOC 
ratios and by the fact that 93.5% of all assigned DOM formulas that were exclusively present in 
the fluids contained sulfur. In all three systems, DOS from hydrothermal fluids had on average 
lower O/C ratios (0.31 − 0.33) than surrounding surface seawater DOS (0.47 − 0.49), suggesting 
shallow hydrothermal systems as a source of reduced DOS, which will likely get oxidized upon 
contact with oxygenated seawater. Evaluation of hypothetical pathways suggests DOM reduction 
and sulfurization during seawater recirculation in Milos seafloor. The four most effective 
pathways were those exchanging an O atom by one S atom in the formula or the equivalent + 
H2S reaction, correspondingly exchanging H2O, H2 and/or O2 by a H2S molecule. Our study reveals 
novel insights into DOS dynamics in marine hydrothermal environments and provides a 
conceptual framework for molecular-scale mechanisms in organic sulfur geochemistry.  
Keywords  
Marine shallow hydrothermal systems, dissolved organic matter (DOM), dissolved organic sulfur 





Dissolved organic matter (DOM) is defined as the organic components in water that pass through 
a 0.2 − 0.7 μm filter (Dittmar and Stubbins, 2014). The importance of DOM in global geochemistry 
relies on the enormous amount of carbon that is dissolved in the oceans, quantified as more than 
200 times the carbon of all living marine biomass (Hansell et al., 2009) and being similar to all 
atmospheric CO2 (Hedges, 1992). Thus, changes in DOM dynamics may have implications for local 
and global carbon cycling processes (Battin et al., 2009; Dittmar and Stubbins, 2014; German et 
al., 2015). Recent advances in mass spectrometry allow characterization of the complex mixture 
of DOM at a molecular level. Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS) in combination with soft ionization techniques such as electrospray ionization (ESI) 
provides molecular information on individual compounds without prior chromatographic 
separation. Thousands of molecular formulas containing C, H, O, N, S or P can be attributed to a 
single water sample (e.g. Marshall et al., 1998; Koch et al., 2005; Kujawinski and Behn, 2006; 
Schmidt et al., 2014), providing unique data sets to study the multitude of processes that affect 
the composition of the DOM pool in the oceans. 
While molecular DOM characterization of a range of marine habitats has become available in the 
last years (e.g. Osterholz et al., 2014; Lechtenfeld et al., 2014), there exists a striking scarcity of 
studies targeting specifically the role of organic sulfur species in DOM (e.g. Lechtenfeld et al., 
2011; Pohlabeln and Dittmar, 2015). Sulfur plays a considerable role in the various 
transformations of organic matter, from early diagenesis to the late stage of catagenesis, due to 
its ability to exist in many different oxidation states (Aizenshtat et al., 1995). In marine sediments, 
organic sulfur is quantitatively the second most important sulfur pool only behind pyrite, 
frequently accounting for 35% of total sedimentary sulfur in many marine environments (Zaback 
and Pratt, 1992; Werne et al., 2004; Zhu et al., 2014). Abiotic sulfurization can contribute to the 
stabilization of organic matter (Sinninghe Damsté et al., 1989) but whether it also contributes to 
the stability of DOM in the oceans is still an open research question (Dittmar, 2015).  
A significant contribution to the understanding of dissolved organic sulfur (DOS) origin and fate 
may be achieved through the investigation of DOS biogeochemistry at hydrothermal systems. 
Hydrothermal activity has been operating for most of the Earth´s history, occurring over a wide 
depth range in the oceans, from intertidal to the abyss (Sander and Koschinsky, 2011). 
Hydrothermal vents have been postulated as possible sites for the first steps of organic chemical 
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evolution, where sulfur reduction might have played a role in prebiotic chemical processes 
occurring in sulfide-rich environments (Russell and Hall, 1997; Cody et al., 2000; Hebting et al., 
2006; McCollom and Seewald, 2007). The hydrothermal vents located at less than 200 m water 
depth are categorized as shallow-water hydrothermal systems (Tarasov et al., 2005). They are 
easily accessible extreme environments with strong redox gradients and unique biogeochemical 
conditions due to the interaction of hot, reduced fluids and cold, oxygenated seawater (e.g. 
Tarasov et al., 2005; Svensson et al., 2004; Price et al., 2013a). The main group of DOS in the open 
ocean was recently identified as unreactive sulfonic acids (Pohlabeln and Dittmar, 2015). In 
hydrothermal systems, reduced sulfur compounds are expected to be released and quickly 
oxidized to form sulfonic acids once they reach the oxic sediment surface or water column. Some 
functional groups like thiols and thioethers could be produced by reaction of reduced inorganic 
sulfur compounds with organic matter (Sinninghe Damsté et al., 1989; Aizenshtat et al., 1995; 
Schneckenburger et al., 1998; Hertkorn et al., 2013) and then rapidly oxidize to sulfonic acids as 
well (Pohlabeln and Dittmar, 2015). However, neither the pathways of sulfurization nor of 
oxidation of DOS at hydrothermal systems are well understood (Zhu et al., 2014; Pohlabeln and 
Dittmar, 2015). 
The aim of this paper is to characterize DOS variations at the interface between hot, reduced 
hydrothermal fluids and cold, oxygenated seawater in three contrasting marine shallow-water 
hydrothermal systems off the coast of Milos (Eastern Mediterranean), Dominica (Caribbean Sea) 
and Iceland (North Atlantic) (Fig. 3.1). We hypothesize that in shallow hydrothermal systems (1) 
the reduced DOS released from hydrothermal fluids is oxidized upon contact with oxygenated 
seawater and (2) there is DOM reduction and sulfurization during seawater recirculation through 
the subsurface. Therefore, within a robust geochemical data set we specifically investigated (1) 
the impact of physicochemical properties on the DOM signature and (2) the molecular similarities 
and differences in DOS between shallow hydrothermal fluids and surrounding surface seawater 
samples. 
3.2. Study sites  
3.2.1. Milos 
Milos Island is located in the tectonically active region of the Hellenic Volcanic Arc in the Eastern 
Mediterranean (Dando et al., 1999; Fig. 3.1a). Milos hydrothermal activity occurs on shore but 
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also in the shallow waters off the coast (Kleint et al., 2015). The marine shallow hydrothermal 
vents off Milos cover an area of about 35 km2 and hot fluids can reach temperatures up to 150 
°C (Dando et al., 1995; 2000). Two types of venting activity are observed in Milos hydrothermal 
system: a gas-dominated focused flow with visible gas bubbles, containing mainly CO2, plus minor 
contributions from H2, H2S and CH4, and a brine-rich fluid seep enriched in Ca, Na, K, SiO2, Mn 
and NH3 (Dando et al., 1995; Fitzsimmons et al., 1997; Yücel et al., 2013). Abundant yellow, white 
and orange patches appear in Milos sediment as a result of elemental sulfur or arsenic sulfide 
precipitates (Price et al., 2013a). In this study, the hydrothermal fluids released at the most 
intense submarine venting area in the south-east of Milos, at Palaeochori and Spathi bays (Fig. 
3.1a) were investigated. 
3.2.2. Dominica 
Dominica has been the volcanically most productive island in the Lesser Antilles arc over the last 
100,000 years and one of the most productive worldwide (Wadge, 1984; Lindsay et al., 2005). It 
belongs to the Lesser Antilles archipelago, between the Atlantic Ocean and the Caribbean Sea, 
which represents one of only two active arc systems in the Atlantic Ocean (Fig. 3.1b). Most of the 
Lesser Antilles islands in the Caribbean Sea only have a single vent, but Dominica has nine 
potentially active volcanic centres (Lindsay et al., 2005; Joseph et al., 2011). Dominica submarine 
hydrothermal venting occurs mainly along the submerged flank of the Plat Pays Volcanic Complex 
in the south-west of the island, with fluid temperatures ranging between 44 − 75 °C (McCarthy 
et al., 2005; Kleint et al., 2015). The hydrothermal fluids are characterized by high concentrations 
of ferrous iron, which is immediately oxidized upon contact with oxygenated seawater, leading 
to the formation of orange patches in the sediment composed of hydrous ferric oxide precipitates 
(McCarthy et al., 2005; Gomez-Saez et al., 2015). For this study, the hydrothermal fluids released 
at Champagne Reef and Soufrière Bay submarine venting systems in the south-west of Dominica 
(Fig. 3.1b) were investigated.   
3.2.3. Iceland 
Iceland is located on the volcanically active Mid-Atlantic ridge system. The hot springs in the 
north-west region of the Reykjanes peninsula are considered as one of the most extreme 
microbial environments on Earth (Hobel et al., 2005). The Reykjanes geothermal system is 
supplied with deep fresh and slightly alkaline groundwater, with low sulfide concentrations and 
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fluid temperatures ranging between 45 − 95 °C (Kristjansson et al., 1986). Freshwater hot springs 
have been described on the seashore, from the tidal zone to about 100 m off the coast (Hobel et 
al., 2005). The hydrothermal vents in this area are influenced by tides as high as 4 m, leading to 
almost 100 °C temperature fluctuations implying severe changes in salinity, light penetration and 
oxygen concentration (Hobel et al., 2005). In this study, the Hveravík Bay hydrothermal system 
in the Reykjanes peninsula in north-west Iceland was investigated (Fig. 3.1c). We sampled a 
shallow vent, which was air-exposed under low tide conditions (Hveravík-1) and another 
permanently submerged vent (Hveravík-2). 
 
Fig. 3.1: Shallow-water hydrothermal systems studied: (a) Milos (Hellenic Volcanic Arc, Eastern 
Mediterranean), (b) Dominica (Lesser Antilles Arc, Caribbean Sea) and (c) Iceland (Mid-Atlantic Ridge, 




3.3. Material and methods 
3.3.1. Field work 
The hydrothermal fluids and seawater samples for this study were taken during field expeditions 
to Milos (11th − 30th of May 2012), Dominica (9th − 24th of April 2013) and Iceland (15th − 30th of 
June 2014). Identification of hot-fluid spots in the area were carried out by SCUBA diving using 
the same in situ temperature probes as in previous studies (e.g. Price et al., 2013a; Kleint et al., 
2015). Fluid samples were collected with a funnel placed on the vent orifice which opened into 
food-grade large volume nylon bags. On shore, 2 L polycarbonate bottles (Nalgene, USA), 
previously cleaned with ultrapure pH 2 water, were filled with the hydrothermal fluids up to the 
top to prevent headspace, immediately closed and kept in the dark until filtration and 
acidification. Surface seawater samples were taken directly into the 2 L bottles. Samples were 
filtered using precombusted glass microfiber filters (GF/F, pore size: 0.7 μm, diameter: 47 mm; 
Whatman), acidified to pH 2 (HCl 25% p.a., Carl Roth, Germany) and kept at 4 °C in the dark until 
extraction. 
3.3.2. Geochemical parameters 
Temperature, pH and salinity were measured directly in the field. The pH and salinity were 
determined using a WTW pH meter 3210 with Mic-D electrode. Aliquots of 4 mL filtered (0.2 μm, 
GHP Pall Acrodisc) vent fluids were kept sealed in cold storage at 4 °C for transport to the 
laboratory. Analyses of inorganic geochemical parameters of Milos and Dominica samples were 
performed at the University of Bremen (Germany) and in the case of Iceland samples at Jacobs 
University (Germany), following established procedures for hydrothermal fluids from marine 
shallow-water hydrothermal systems (e.g. McCarthy et al., 2005; Price et al., 2013a; Kleint et al., 
2015). Aliquots for H2S analysis were preserved by precipitation of ZnS and analyzed using a 
Merck photometer at a wavelength of 670 nm (e.g. Price et al., 2013a). The anions Br, Cl, F and 
SO4 were determined by ion chromatography using a Metrohm system (Switzerland). The cations 
of As, Ca, Fe, K, Li, Mg, Mn, Na, Si and Sr were measured by inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) using a Perkin Elmer Optima 7300 (USA). Oxygen and deuterium 
isotopic analyses were performed on filtered samples (0.2 μm, GHP Pall Acrodisc) using a LGR 
liquid water isotope analyzer (LWIA-24d) at the University of Bremen (Germany) (e.g. McCarthy 
et al., 2005; Price et al., 2013a). All isotopic values are reported using the standard delta notation. 
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Both δ18O and δ2H are expressed relative to Vienna Standard Mean Ocean Water (VSMOW; Craig 
1961). 
3.3.3. Dissolved organic matter 
Aliquots of 20 mL (triplicates per sample), filtered (0.7 μm; GF/F; Whatman) and acidified to pH 
2, were analyzed for dissolved organic carbon (DOC) concentration via high temperature catalytic 
combustion using a Shimadzu TOC-VCPH/CPN Total Organic Carbon Analyzer at the University of 
Oldenburg (Germany). Accuracy of DOC determination was checked daily by analyzing the deep-
sea reference provided by D. Hansell (University of Miami, USA). DOM was extracted from filtered 
and acidified samples by solid phase extraction (SPE) using divinyl benzene polymer in pre-packed 
cartridges (1 g PPL, Agilent, USA) according to Dittmar et al. (2008). Prior to extraction, the 
cartridges were soaked with methanol for 24 h and rinsed afterwards twice each, with ultrapure 
water, methanol (VWR, USA) and ultrapure water at pH 2. After loading DOM onto the adsorbing 
resin (PPL) of the SPE cartridge, the remaining salts were removed by rinsing with ultrapure water 
at pH 2 and dried by pressing air through the cartridge with a clean air-syringe (20 mL, Braun, 
Germany). DOM was eluted with 6 mL of methanol (HPLC-grade, Sigma-Aldrich, USA) and the 
SPE-DOM extracts were stored in amber vials at ‒20 °C.  
Aliquots of the SPE-DOM extracts were used to determine the SPE-DOS concentration and 14C 
content. Sulfur concentrations were measured using an ICP-OES (iCAP 6000, Thermo, Bremen, 
Germany) at the University of Oldenburg (Germany) according to Pohlabeln and Dittmar (2015). 
The radiocarbon analyses of Milos SPE-DOC were carried out by Accelerator Mass Spectrometry 
(AMS) at the Institute of Particle Physics and the Geological Institute of the ETH Zürich (Zürich, 
Switzerland). Aliquots of the SPE-DOM extracts were transferred to pre-combusted quartz tubes 
(850 °C, 5 h), dried under high purity helium, and flame sealed with combusted CuO under 
vacuum. CO2 was cryogenically captured and measured using a microscale radiocarbon dating 
system and gas feeding system (MICADAS; Synal et al., 2007; Ruff et al., 2007, 2010; Wacker et 
al., 2010). Processing blanks, where ultrapure water was solid phase extracted in an identical 
manner, were also analyzed but contained insufficient carbon for 14C analysis.  Data are reported 
as fraction modern (F14C) after Reimer et al. (2004) to differentiate between dead (F14C = 0) and 
modern (F14C = 1) radiocarbon. The total measured F14C value is a mixture of the sample and 
blank contributions: FT * CT = FS * CS + FEX * CEX, where F is the F14C fraction modern radiocarbon 
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content and C is the amount of carbon of the total measurement (subscript T), the sample 
(subscript S), and the extraneous carbon (subscript EX) (Lang et al., 2013).  
For characterization of DOM molecular composition, mass spectra were obtained in negative 
ionization mode using the 15 Tesla FT-ICR-MS (Solarix, Bruker Daltonik, Bremen, Germany) at the 
University of Oldenburg (Germany) combined with an ESI device (Bruker Apollo II) with a needle 
voltage set to ‒ 4 kV. A total of 500 scans were accumulated per run. The mass-to-charge window 
was set to 150 − 2000 Da. For control of overall mass spectrometry quality and reproducibility, 
twice a day an in-house reference of DOM from North Equatorial Pacific Intermediate Water 
(NEqPIW) was analyzed (Green et al., 2014; Riedel and Dittmar, 2014). A common detection limit 
on the relative signal intensity scale was applied to facilitate maximum comparability among 
samples (Riedel and Dittmar, 2014), and this explains the relatively low number of compounds 
detected in NEqPIW compared to previous studies (Table 3.2). Internal calibration of the spectra 
was performed using the Bruker Daltonics Data Analysis software package with help of an 
established calibration list for marine DOM, consisting of > 100 mass calibration points of known 
molecular formulas. The data were processed using in-house Matlab routines (Riedel et al., 2012) 
and molecular formulas with C1-100 H1-250 O1-100 N0-4 S0-2 or P0-1 were assigned to peaks with a 
minimum signal-to-noise ratio of four according to Koch et al. (2007). For the Iceland samples 
where duplicates or triplicates were available, only those molecular formulas detected in all 
analytical replicates were accepted, which decreased the number of formulas but efficiently 
removes non-analytes from the data set that only result from noise in the mass spectra (Riedel 
and Dittmar, 2014).  
The molecular formulas were used to calculate two indexes: the Double Bond Equivalence Index 
(DBE = 1 + ½ (2C − H + N + P)) in order to assess the degree of unsaturation, and the modified 
Aromaticity Index (AImod = (1 + C – ½O − S  −  ½H) / (C − ½O − S − N − P)) to estimate the presence 
and abundance of aromatics (AImod ≥ 0.5) and condensed aromatics (AImod ≥ 0.666), taking into 
consideration the abundance of carboxyl groups in natural organic matter (Koch and Dittmar, 
2006). Condensed aromatics containing nitrogen, sulfur or phosphorus were excluded for data 
interpretation as they were not specifically confirmed by the presence of the respective 13C 
isotopologous due to their low abundance in the mass spectra. Signal intensities of individual 
signals were converted into percentages relative to total signal intensity of each sample. These 
relative signal intensities were used to calculate intensity-weighted averages of DBE, AImod and 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Potential sulfurization pathways were tested in the FT-ICR-MS dataset on the basis of 
relationships of molecular formulas and the geochemical context (e.g. Schmidt et al., 2014). The 
following nine possibilities of S addition while adding/removing H and/or O were tested with 27 
potential reactions (Table 3.3), differentiating between oxidative and reductive pathways: 
oxidative pathways structure: + S1; + S1/ − Hn; + HnS1On; + S1On; + S1On/ − Hn; reductive pathways 
structure: + HnS1; +S1/ − HnOn; + S1/ − On; + HnS1/ − On. The effectiveness of the pathways was 
considered as a percentage of mono-S compounds (CHOS1) exclusively present in hydrothermal 
fluids that can be considered the product of a seawater DOM precursor (CHO) following the 
corresponding reaction of S addition. All the pathways with > 50% of precursors were proposed 
as the equivalent + H2S reaction, correspondingly exchanging H2O, H2 and/or O2 by a H2S 
molecule. 
3.4. Results 
3.4.1. Hydrothermal fluids imprint on general geochemistry  
Hydrothermal fluids and seawater differed substantially in temperature and pH. Hydrothermal 
fluid temperatures ranged from 55 to 86 °C and seawater from 11 to 28 °C at the three sampling 
sites (Table 3.1). Fluids in Milos and Dominica were acidic compared to seawater, in contrast to 
Iceland hydrothermal fluids that were slightly alkaline (Table 3.1). Trace elements and molecules 
that were likely of hydrothermal origin, as they were detected in the fluids but not in the 
surrounding seawater, were H2S in Milos and dissolved Fe and Si in both Milos and Dominica 
(Table 3.1). 
Salinity, major element concentrations and isotopic composition indicated substantial 
differences in the origin of the fluids at the three sites. Salinity and major element concentrations 
were similar or higher in Milos fluids as compared to seawater, but lower in Dominica and Iceland 
hydrothermal fluids (Table 3.1). The isotopic composition of the fluids (δ2H and δ18O) from Milos, 
mainly from Palaeochori Bay, was far off from the estimated Mediterranean Sea meteoric water 
line, whereas Dominica and Iceland fluids plotted close to the global and the estimated Caribbean 
Sea meteoric water line (Fig. 3.2; Table 3.1). Dominica and Iceland hydrothermal fluids thus seem 
to be composed mainly of meteoric water, while Milos hydrothermal fluids were predominantly 
fed by recirculating seawater.  
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The hydrothermal fluids had lower DOC concentrations than corresponding surface seawater in 
all three systems. The DOC of hydrothermal fluids was 21 − 41 μM in Milos, 22 − 26 μM in 
Dominica and 112 − 141 μM in Iceland, and seawater DOC concentrations were 60 μM, 99 μM 
and 182 μM in Milos, Dominica and Iceland, respectively (Table 3.1). The Milos SPE-DOC 
contained less 14C than near-by seawater. Samples had 77 − 167 μg C while SPE process blanks 
contained < 2 μg C. The 14C content of the SPE process blank was not obtained, data are therefore 
reported as a range that reflects the possibility that it was either entirely modern or entirely 14C 
free. Even with this extreme assumption, the data clearly demonstrate that Milos seawater 
contains organic matter with a modern F14C signature (1.03 − 1.04) while the fluids from the 
Palaeochori (0.78 − 0.81) and Spathi (0.77 − 0.79) vents contain material that is more aged (Table 
3.1).  
 
Fig. 3.2: Diagram of δ2H and δ18O isotopic values of shallow hydrothermal fluids (yellow) and surface 
seawater (blue) samples. Both δ18O and δ2H are expressed relative to Vienna Standard Mean Ocean Water 
(VSMOW; Craig 1961). Caribbean Sea meteoric water line adapted from McCarthy et al. (2005) and 




Assuming the same extraction efficiency for SPE-DOS as for SPE-DOC (e.g. Lechtenfeld et al., 
2011; Pohlabeln and Dittmar, 2015), the DOS concentrations in the hydrothermal fluids were 0.8 
− 1.3 μM in Milos, 0.1 μM in Dominica and 0.1 − 0.2 μM in Iceland; and seawater DOS 
concentrations were 1.8 μM in Milos, 0.2 μM in Dominica and 0.5 μM in Iceland. Accordingly, 
molar DOS/DOC ratios were one order of magnitude higher in Milos compared to Dominica and 
Iceland (Table 3.1). 
3.4.2. Hydrothermal fluids imprint on DOM signature 
Using FT-ICR-MS, more formulas were found in hydrothermal fluids than in surrounding 
seawater: a total of 3266 − 3505 molecular formulas were identified in Milos samples, 2538 − 
2852 in Dominica, 1815 − 2127 in Iceland and 2418 formulas in the NEqPIW sample included as 
DOM reference (Table 3.2). The DOM of the hydrothermal fluids was on average more reduced 
than seawater DOM (O/C; Table 3.2). The degree of unsaturation of the DOM molecules, as 
assessed by weighted averages of H/C ratios, DBE, and the relative abundance of aromatics, 
differed at the three sites (Table 3.2). On Milos, seawater and hydrothermal fluids showed a 
similar degree of unsaturation, whereas on Dominica, lower H/C ratio, higher DBE and higher 
abundances of aromatics indicated more unsaturated molecules in the hydrothermal fluids than 
in the seawater. On Iceland, a similar degree of unsaturation was found for seawater and fluids 
from the permanently submerged hydrothermal vent (Hveravík-2), while more unsaturated 
molecules were found in the air-exposed hydrothermal vent (Hveravík-1). 
Another characteristic feature was the high weight averaged S/C ratio in DOM of Milos 
hydrothermal fluids (Table 3.2). The most obvious difference in molecular DOM composition 
between hydrothermal fluids and seawater on Milos was the number of sulfur containing 
formulas (CHOS; Fig. 3.3). Hydrothermal fluids from Milos contained approximately 8% more 
CHOS compounds than the corresponding seawater (hydrothermal fluids 22.9 − 23.6%; seawater 
15.2%; Fig. 3.3). In the other two systems, molecular composition of hydrothermal fluids and 
seawater were relatively similar regarding CHOS compounds. On Dominica, the dominant groups 
of formulas were CHO (~50%) and CHON (~40%), while CHOS accounted for ~11% and CHOP for 
< 2%. On Iceland, CHO and CHON formulas were also similarly abundant (~40%), while CHOS 
contributed ~14% and CHOP ~5% to the identified formulas. Besides the higher number of CHOS 
formulas in Milos fluids, the sum of intensities of these CHOS compounds was also highest in 
these systems (10.5 − 14.0% of total intensities; Fig. 3.4). In the seawater samples of Milos and 
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Dominica, CHOS compounds summed up to only 4.8% of total intensity, in Iceland seawater to 
6.5%, respectively. The hydrothermal fluids of Dominica (5.0 − 7.0% of total intensity) and Iceland 
(7.6 − 8.3%) were only slightly enriched in CHOS compounds compared to seawater (Fig. 3.4). 
The differences in molecular DOM composition of hydrothermal fluids and seawater were also 
manifested in occurrence of exclusive formulas only present in the hydrothermal fluids. On Milos, 
these exclusive formulas accounted for 9% (322 formulas) of the formulas in the hydrothermal 
fluids, in Dominica for 8% (223 formulas) and in Iceland for 6% (124 formulas), respectively (Table 
3.2). Regarding their molecular composition, major differences were observed between sites. 
The exclusive formulas represented mainly reduced compounds with very low O/C ratio (0.25 − 
0.32; Table 3.2; Fig. 3.5a), predominantly saturated in Milos and Iceland, but mainly unsaturated 
in Dominica with more than one third being aromatics (Table 3.2; Fig. 3.5a). The exclusive 
formulas of all hydrothermal fluids were on average strongly enriched in sulfur (S/C 0.0133 − 
0.0617) when compared to total DOM of both fluids and seawater (maximum 0.0094; Table 3.2). 
On Milos, almost all exclusive formulas in the hydrothermal DOM contained sulfur (93.5%; Fig. 
3.3), for Dominica and Iceland the respective percentages were considerably lower but still 
elevated (~38% and ~30%, respectively) (Fig. 3.3). 
3.4.3. Molecular variations of exclusive DOS from hydrothermal fluids  
The molecular composition of the exclusive DOS from hydrothermal fluids (Fig. 3.5b) was 
substantially different from the DOS compounds from seawater (Fig. 3.5c). These differences 
were most evident from the degree of oxidation. In the three systems, the specific DOS of 
hydrothermal fluids had lower O/C ratios on average (0.31 − 0.33) than the surrounding surface 
seawater DOS (0.47 − 0.49) or NEqPIW DOS (0.51). A closer look into the exclusive DOS from 
hydrothermal fluids was then obtained by searching for the presence of potential precursors for 
the individual CHOS1 formulas in the seawater DOM (Fig. 3.6). Potential precursors were 
identified according to the 27 hypothetical sulfurization pathways shown in Table 3.3. On 
Dominica, only four reductive pathways provided potential precursors for more than 50% of 
exclusive mono-S compounds (CHOS1) from hydrothermal fluids. None of the 27 pathways 
achieved this 50% threshold value on Iceland. In the DOS-enriched system of Milos, almost all 
potential sulfurization pathways provided precursors for more than 50% of exclusive CHOS1 
compounds, many of them for more than 70% and up to 90% (Table 3.3; Fig. 3.6). Furthermore, 
a clear trend was observed regarding these pathways. All the pathways that could be categorized 
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as reductive provided a potential precursor for at least 74% of all specific CHOS1 compounds from 
Milos fluids (Table 3.3). The four most effective pathways (precursors for over 85% of exclusive 
formulas) were those exchanging an O atom by one S atom in the formula or the equivalent + 
H2S reaction, correspondingly exchanging H2O, H2 and/or O2 by a H2S molecule (Table 3.3; Fig. 
3.6). 
 
Fig. 3.3: DOM molecular compounds identified by FT-ICR-MS as a percentage of all molecular 
formulas detected for the respective sample: surface seawater samples (upper left), hydrothermal 
fluids (upper right) and exclusive formulas in hydrothermal fluid DOM (down right). Formulas 




3.5.1. Origin of the hydrothermal fluids 
Understanding the origin of hydrothermal fluids is an essential step to decipher potential 
subsurface processes (McCarthy et al., 2005). Fluids in a shallow-water hydrothermal system may 
be derived from one or from a combination of the following sources: meteoric water, seawater 
and/or magmatic water (Pichler, 2005). While deep-sea hydrothermal systems most likely derive 
all of their fluids from seawater, on-land hydrothermal fluids are originated mainly from meteoric 
sources along with possible magmatic contributions (Giggenbach, 1992). The three shallow-
water systems in this study have hydrothermal fluids with different geochemical and isotopic 
composition indicating different potential sources.  
Dominica and Iceland hydrothermal fluids were a mixture of mainly meteoric water and 
seawater. Meteoric waters are generally depleted in the heavy isotopic species of hydrogen and 
oxygen relative to ocean waters (Craig, 1961). In our study, the δ2H and δ18O isotopic values of 
Dominica and Iceland fluids were depleted and closely aligned between the global meteoric 
water line and the estimated Caribbean Sea meteoric water line (McCarthy et al., 2005; Fig. 3.2; 
Table 3.1), suggesting local meteoric origin, although discharging in a submarine environment 
(Pichler, 2005). Similar isotopic values were observed in a global marine precipitation survey 
(IAWA/WMO since 1961) at the station closest to the Dominica hydrothermal vents (‒1.03 δ2H, 
‒0.9 δ18O in Barbados, Lesser Antilles; Rozanski et al., 1993). The low salinity and major element 
concentrations were also consistent with a mainly meteoric origin of Dominica and Iceland fluids.  
In contrast, the fluids discharging on Milos were predominantly recirculating seawater, as 
evidenced by the high salinity and major element concentrations and by the isotopic values of 
δ2H and δ18O that were far off from the estimated Mediterranean Sea meteoric water line (Price 
et al., 2013a; Fig. 3.2; Table 3.1), as well as from values of the closest station in the global 
precipitation survey (‒6.29 δ2H, ‒32.8 δ18O in Heraklion, Aegean Sea; Rozanski et al., 1993). 
Magmatic contribution in Milos hydrothermal fluids composition was previously confirmed by 
stable isotope studies on the released gases (Nagao et al., 1991; Botz et al., 1996) and potentially 
hot magma was indicated by direct drilling of the underlying hydrothermal reservoir, detecting 
318 °C at 1200 m depth (Vrouzi, 1985; Dando et al., 1999). Consequently, subsurface seawater 
recirculation may have been favored by magmatic input, because heat makes the water less 
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buoyant, driving the water flow. Our isotopic analysis of the 14C radiocarbon fraction of the DOM 
indicated an aged organic contribution into the system, which was also recently suggested after 
a microsensor study of the geochemical signature in Milos pore water (Yücel et al., 2013). 
However, in shallow hydrothermal systems the older material does not necessarily need to come 
from magma. One possible source for the older material would be primary production in Milos 
system (e.g. Sievert et al., 1999) utilizing either mantle CO2 and/or aged CO2 that was re-
mineralized from the sediments, or organics that have been desorbed from the sediments into 
the fluids. Milos hydrothermal fluids were composed of approximately 80% modern but about 
20% dead radiocarbon material and seawater was entirely modern (Table 3.1). Similar 
observations have been made in deep hydrothermal systems, for example, the F14C values of 
ultra-filtrated (> 1000 Da) DOC in axial diffuse hydrothermal fluids from the Juan de Fuca Ridge 
ranged from 0.48 − 0.55, comparable to local deep seawater with an F14C of 0.56 (McCarthy et 
al., 2011). The fact that Milos fluids may be more influenced by magmatic contributions than 
Dominica and Iceland is of relevance for potential sulfurization of seawater DOM and other 
subsurface processes. In contrast, the higher meteoric content in Dominica and Iceland fluids 
likely favor processes occurring in terrestrial environments that may subsequently affect the 
DOM molecular composition. 
3.5.2. DOC depletion in the fluids and DOS enrichment in Milos 
Bulk DOC concentrations provide an integrated view of sources and processes in hydrothermal 
venting sites (McCarthy et al., 2011). In the three systems included in this study, DOC 
concentrations in hydrothermal fluids were lower than in surface seawater (Table 3.1). The 
surface seawater DOC concentration in Milos was within the range of regular open ocean surface 
water (40 − 80 μM; Hansell et al., 2009). In case of Dominica and Iceland it was higher but still 
representative for coastal regions (Dittmar and Stubbins, 2014) where shallow-water 
hydrothermal vents are located. Given the close proximity to the island, an input of terrigenous 
organic matter is a likely explanation for the enhanced DOC concentrations in the surface 
seawater samples. This explanation is supported by a higher percentage of aromatics in Dominica 
and Iceland surface seawater DOM signature than in the reference DOM from the deep ocean 
(NEqPIW), which might reflect terrestrial plant derived compounds like lignin-phenols (Dittmar 
and Stubbins, 2014). Alternatively, increased DOC concentrations might be derived from recent 
primary production, which is the biggest source of organic carbon in the oceanic epipelagic zone 







































































































































































































































































































































































































































































































































































































































































































































































































































shallow, euphotic and continuously mixed water column, with close bentho-pelagic coupling, and 
typically high rates of primary production (Behrenfeld et al., 2005; Cloern et al., 2014). Therefore 
higher DOC concentrations in surface seawater of Milos, Dominica and Iceland as compared to 
the hydrothermal fluids could be explained by both terrestrial input and/or autochtonous 
production in the coastal waters. 
The most likely explanation for the low DOC concentrations (Table 3.1) in Dominica and Iceland 
hydrothermal fluids may be the strong contribution of low-DOC meteoric water. In addition, 
different abiotic and biotic processes during seawater recirculation might contribute to DOC 
depletion in hydrothermal fluids. In deep waters, seawater DOC can be removed by hydrothermal 
circulation within Earth´s crust, though the exact mechanism is still unknown (Lang et al., 2006; 
Lin et al., 2012; Hansell, 2013; Hawkes et al., 2015). Potential explanations are interactions with 
minerals in the subsurface leading to DOC sorption, direct abiotic thermal degradation of DOC, 
or microbial consumption driven by vent communities (Lang et al., 2006; Santelli et al., 2008; 
Hawkes et al., 2015). In shallow-water hydrothermal systems, the possibility of heterotrophic 
consumption may be favored by high availability of organic carbon (e.g. Svensson et al., 2004) 
and potentially even photoheterotrophy may be feasible. Organic matter adsorption to mineral 
surfaces may be favored by the high porosity of the sediment in Milos and Dominica, and co-
precipitation of DOM with minerals may occur at the redox interface (Riedel et al., 2013; Gomez-
Saez et al., 2015). Thermal degradation of DOC is potentially feasible in shallow-water systems 
though the temperature fluctuation between fluids and seawater is less severe in shallow 
hydrothermal systems than in deep-sea vents (Tarasov et al., 2005). 
Information on DOS concentrations in marine systems is still scarce (Lechtenfeld et al., 2011; 
Pohlabeln and Dittmar, 2015). Compared to the few published data, the DOS concentrations in 
the Milos hydrothermal system were distinctly higher (0.8 − 1.8 μM) than in other marine 
environments, (0.8 μM North Sea; 0.3 − 0.9 μM South Atlantic central water; 0.4 − 1.2 μM 
Antarctic surface water; Lechtenfeld et al., 2011; Pohlabeln and Dittmar, 2015), whereas 
Dominica and Iceland DOS concentrations were similar to values reported for open ocean waters 
(Cutter et al., 2004; Lechtenfeld et al., 2011; Pohlabeln and Dittmar, 2015). Accordingly, the molar 
DOS/DOC ratio in Milos was one order of magnitude higher than in the other studied marine 
systems. FT-ICR-MS data were consistent with the ICP-OES based quantification. Nearly all DOM 
molecular formulas exclusively present in the Milos fluids contained sulfur. Moreover, the 
percentage of CHOS-compounds in total DOM on Milos was one of the highest ever observed 
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through DOM characterization by FT-ICR-MS analysis of natural samples (e.g. Riedel et al., 2013) 
and distinctly higher than the sum of CHOS intensities observed for Dominica and Iceland. Our 
findings provide evidence that FT-ICR-MS is a suitable technique to semi-quantitatively 
characterize the fraction of DOM containing DOS and to straight-forwardly identify DOS-enriched 
scenarios in marine environments. 
 
Fig. 3.5: Van Krevelen diagrams representing the O/C (oxygen-to-carbon ratio) and H/C (hydrogen-to-
carbon ratio) in Milos, Dominica, Iceland and NEqPIW DOM samples: (a) exclusive DOM compounds from 
hydrothermal fluids, (b) exclusive DOS compounds from hydrothermal fluids (those formulas of “a” 
containing one or two S atoms) and (c) seawater DOS compounds (formulas containing S atoms in Milos, 
Dominica, Iceland and NEqPIW surface seawater samples). Every dot represents a specific molecular 
formula in the FT-ICR-MS dataset. The color scale illustrates the number of O atoms in every formula 
providing visual evidence of more oxidized compounds (blue dots) in seawater DOS (c) than in exclusive 




3.5.3. Redox transformations of hydrothermal DOM 
Our data identify shallow-water hydrothermal fluids as a source of reduced DOM and reduced 
DOS to the oceans. On Milos, where seawater recirculation through the sediment accounted for 
most of the fluids composition, variations in O/C ratios suggested DOM reduction during 
recirculation and subsequent oxidation upon contact with oxygenated seawater. Formation of 
organically bound sulfur is promoted by the availability of reactive organic matter, an excess of 
reduced sulfur species and a limited supply of reactive iron (Eglinton and Repeta, 2014). In 
hydrothermal fluids from Palaeochori Bay (Milos) and Soufrière Bay (Dominica), dissolved iron 
was much higher than in the vents from Spathi Bay (Milos) and Champagne Reef (Dominica). In 
Iceland fluids, dissolved iron was below detection limit (Table 3.1). Nevertheless, DOS 
concentration and CHOS-compounds abundance was similarly high in both Milos fluids and lower 
in Dominica and Iceland fluid samples, respectively. Thus, in our study dissolved iron apparently 
was not linked to DOS abundance.  
In contrast, clear trends were observed in H2S concentration and DOS abundance. In Milos 
hydrothermal fluids, we detected high H2S concentration together with high abundance of DOS, 
and vice versa in Dominica and Iceland. DOS accumulation in DOM from pore water of continental 
mid-shelf sediments enriched in H2S and reduced sulfur species has been demonstrated before 
(Schmidt et al., 2009). Elevated H2S concentration in interstitial water of the Black Sea coinciding 
with increasing abundance of DOS compounds (in number and intensity), probably resulted from 
sulfurization reactions (Schmidt et al., 2014). Some organic compounds can react with reduced 
sulfur species as hydrogen sulfides or polysulfides binding to carbon-carbon double bonds by 
nucleophilic addition (Vairavamurthy and Mopper, 1987; Kohnen et al., 1989). Unequivocal 
precursor-product relationships cannot be established without detailed structural information, 
but potential reactions can be explored on the basis of relationships of molecular formulas and 
the geochemical context. For example, Schmidt et al. (2014) tested in a FT-ICR-MS dataset the 
possible sulfurization pathway of exchanging one O atom by one S atom and two H atoms. In our 
study, we observed reductive sulfurization of seawater DOM recirculating through Milos 
sediment, most likely substituting one O atom by one S atom or correspondingly exchanging H2O, 
H2 and/or O2 by a H2S molecule (Table 3.3). Hydrothermal vents have been postulated as possible 
sites for the first steps of organic chemical evolution, where sulfur reduction might have played 
a role in prebiotic chemistry occurring in sulfide-rich environments (Russell and Hall, 1997; Cody 
et al., 2000; Hebting et al., 2006). McCollom and Seewald (2007) described a potential 
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mechanism to convert simple organic compounds to complex organic matter in sulfur-rich 
hydrothermal environments, by progressive elongation of alkyl carbon chains and formation of 
complex organic compounds through involvement of a thiol intermediate. Our results from 
natural environments support the last step of their hypothetical reaction which was the addition 
of a H2S molecule instead of H2O (McCollom and Seewald, 2007). 
In the water column, the main compound group in DOS was recently identified as unreactive 
sulfonic acids (Pohlabeln and Dittmar, 2015). This is consistent with the O/C ratio variations that 
we observed in our study. Reduced DOS molecules from hydrothermal fluids were most likely 
transformed to more oxidized DOS molecules abundant in the seawater. This supports the 
scenario that functional groups like thiols and thioethers could be produced in hydrothermal 
systems by reaction of reduced inorganic sulfur compounds with organic matter (Sinninghe 
Damsté et al., 1989; Aizenshtat et al., 1995; Schneckenburger et al., 1998; Hertkorn et al., 2013) 
and then be rapidly oxidized to sulfonic acids once exposed to oxygenated seawater (Pohlabeln 
and Dittmar, 2015). From a biotic perspective, organic matter can react with H2S and other 
reduced sulfur species (Schmidt et al., 2009; 2014) produced from the activity of sulfate-reducing 
bacteria (SRB) or dissimilatory iron-reducing bacteria (DIRB), which were found in relatively large 
number in Palaeochori Bay (Sievert et al., 1999). Furthermore, the reduced inorganic sulfur 
compounds in Milos hydrothermal fluids, mainly H2S, would provide the necessary electron 
donor for sulfur-oxidizing bacteria (SOB), which contributed to primary production in Milos 
system (Sievert et al., 1999). Analysis of the structural information of the reduced organosulfur 
compounds that were detected in hydrothermal fluids prior to oxidation upon contact with 
oxygenated seawater, and also research on sulfur-related microbes in shallow hydrothermal 
systems will further improve our understanding of the underlying mechanisms that control global 





Table 3.3: Theoretical sulfurization pathways tested in this study, differentiating between oxidative 
(blue) and reductive (red) reactions. The nine possibilities of adding one S-atom and adding/removing 
H and/or O were tested. The effectiveness of the pathways was considered as a percentage of mono-
S compounds (CHOS1) exclusive in hydrothermal fluids that can be considered the product of a 
seawater DOM precursor following the corresponding reaction. The pathways with > 50% of 
precursors found in seawater are highlighted in green, > 75% in yellow and > 85% in orange. All the 
pathways giving at least > 50% were incorporating +H2S, correspondingly exchanging H2O, H2 and/or 
O2 by a H2S molecule. For example, the reductive pathway of substituting one O atom by one S atom 
is equivalent to the reaction substituting one H2O by one H2S molecule and could provide a precursor 
in seawater DOM formulas to 87.2% of Milos CHOS1-compounds exclusive from hydrothermal fluids. 
An example of this procedure is visualized in Fig. 3.6. 
 
 
> 85% of precursors in seawater 
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+ S pathway 
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+ S 87.2 21.0 7.5 + H2S / − H2    
+ S/ − H2 83.6 21.0 2.5 + H2S / − 2H2    
+ S/ − H4 70.4 19.7 0 + H2S / − 4H2    
+ H2OS 82.1 44.4 20.0 + H2S + H2O / − H2    
+ H2SO2 59.8 48.1 12.5 + H2S + O2    
+ H2SO4 8.8 19.7 12.5     
+ SO 82.1 25.9 12.5 + H2S + H2O / − 2H2    
+ SO2 64.2 42.0 10.0 + H2S + O2 / −H2    
+ SO3 33.2 49.4 22.5     
+ SO4 14.6 30.9 15.0     
+ SO5 4.4 9.9 5.0     
+ SO/ − H2 66.4 29.6 0 + H2S + O2/ − (H2 + H2O)    
+ SO2/ − H2 59.5 43.2 0 + H2S + O2/ − 2H2    











+ H2S 86.1 32.1 17.5 + H2S    
+ H4S 74.4 33.3 20.0 + H2S + H2    
+ S/ − H2O 83.2 16.0 7.5 + H2S / − (H20 + H2)    
+ S/ − H2O2 81.7 23.5 10.0 + H2S / − 2 (H2O)    
+ S/ − H2O4 75.9 61.7 30.0 + H2S/ − 2 (H2 + O2)    
+ S/ − O 87.2 21.0 10.0 + H2S / − H20    
+ S/ − O2 86.9 33.3 17.5 + H2S / − (H2 + O2)    
+ S/ − O3 85.4 40.7 22.5 + H2S/ − (H2O + O2)    
+ S/ − O4 82.1 58.0 35.0 + H2S/ − (H2 + 2O2)    
+ S/ − O5 76.3 70.4 47.5 + H2S/ − (H2O + 2O2)    
+ H2S/ − O 79.9 28.4 22.5 + H2S + H2O/ − (O2 + H2)    
+ H2S/ − O2 75.2 32.1 17.5 + H2S / − O2    





Fig. 3.6: Example of sulfurization pathways tested in this study (Table 3.3), showing an exclusive DOS 
compound of Milos hydrothermal fluids from Palaeochori Bay (down) and the potential precursors in the 
FT-ICR-MS mass spectra of Milos seawater DOM (up). Neutral molecular formulas of detected ions are 
presented. The potential proposed reactions as + H2S incorporation pathways, correspondingly 
exchanging H2O, H2 and/or O2 by a H2S molecule, are represented in red including the percentage of 
precursors found in seawater following the corresponding reaction. 
 
3.6. Conclusion 
We investigated DOS dynamics and its relation to the physicochemical environment by studying 
the molecular composition of DOM in three contrasting shallow hydrothermal systems off the 
coast of Milos (Eastern Mediterranean), Dominica (Caribbean Sea) and Iceland (North Atlantic). 
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In all three systems, DOS from hydrothermal fluids had on average lower O/C ratios (0.31 − 0.33) 
than surrounding surface seawater DOS (0.47 − 0.49) or North Equatorial Pacific intermediate 
water DOS (0.51). Therefore, shallow-hydrothermal systems can be considered a source of 
reduced DOS, which will get oxidized upon contact with oxygenated seawater to form unreactive 
sulfonic acids, which were recently reported as the main group of DOS in the oceans.  
In contrast to the predominantly low-DOC meteoric fluids from Dominica and Iceland, the 
hydrothermal fluids from Milos were mainly fed by recirculating seawater. Furthermore, the 
hydrothermal fluids from Milos were enriched in H2S and DOS, as indicated by DOS/DOC ratio 
one order of magnitude higher than for Dominica and Iceland systems, and by the fact that 93.5% 
of all assigned DOM formulas exclusively present in the fluids contained sulfur. Evaluation of 
hypothetical pathways during seawater recirculation in Milos sediment suggested DOM 
reduction and sulfurization. The four most effective pathways were those exchanging an O atom 
by one S atom in the formula or the equivalent + H2S reaction, correspondingly exchanging H2O, 
H2 and/or O2 by a H2S molecule. Our results thereby support the last step of hypothetical abiotic 
reactions proposed earlier for sulfide-rich hydrothermal systems which was the replacement of 
a H2O molecule by H2S. In conclusion, our study reveals novel insights into DOS dynamics in 
marine hydrothermal environments and provides a conceptual framework for molecular-scale 
mechanisms in organic sulfur geochemistry. 
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Chapter 4 - Abstract 
Shallow submarine hydrothermal systems are extreme environments with unique 
biogeochemical conditions, originating from the interaction of hot, reduced fluids and cold, 
oxygenated seawater. Hydrothermal fluids represent one of the marine sources of essential trace 
elements like iron, the flux of which is controlled by dissolved organic matter (DOM) in and 
between terrestrial and marine ecosystems. However, the selectivity of the DOM with iron in 
marine environments is not well understood. Here we characterized at a molecular level the 
marine hydrothermal iron−DOM interaction using Fourier transform ion cyclotron resonance 
mass spectrometry (FT-ICR-MS). Our study site was a shallow-water hydrothermal system off 
Dominica Island (Lesser Antilles, Caribbean Sea), where reduced fluids were strongly enriched in 
dissolved Fe and Si as compared to surface seawater. The dissolved organic carbon (DOC) 
concentration was lower in the hydrothermal fluids, most likely due to low-DOC meteoric water 
influence, but also suggesting biotic or abiotic processes consuming or depleting DOC when 
seawater is re-circulated through the sediment. The formation of hydrous ferric oxides upon 
aeration of the hydrothermal fluids for 10 h leads to an 8% decrease in DOC, indicating co-
precipitation of iron and DOM. Re-solubilization of iron precipitates revealed increased relative 
abundance of aromatic compounds in co-precipitated DOM, which is in accordance with iron-
coagulation observed in terrestrial environments. In conclusion, we provide evidence of co-
precipitation of DOM with iron at hydrothermal systems as a selective process, which 










Dissolved organic matter (DOM) plays a major role in key biogeochemical cycles. DOM conducts 
the flux of carbon, nutrients and trace elements in and between terrestrial and marine 
ecosystems (Dittmar and Stubbins, 2014). It is defined as the organic components in water that 
pass through a 0.2-0.7 μm filter (Dittmar and Stubbins, 2014). The global DOM pool contains 
more than 200 times the carbon than all living marine biomass (Hansell et al., 2009) and similar 
amounts of carbon as all the atmospheric CO2 (Hedges, 1992). Due to its enormous pool size, 
changes in DOM dynamics have implications for local and global carbon cycling processes (Battin 
et al., 2009; Dittmar and Stubbins, 2014; German et al., 2015). Recent advances in mass 
spectrometry allow characterization of the complex mixture of DOM at a molecular level. The 
use of Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) in combination 
with soft ionization techniques such as electrospray ionization (ESI) provides molecular formulas 
of thousands of individual compounds in a DOM sample without prior chromatographic 
separation (e.g. Marshall et al., 1998; Koch et al., 2005; Kujawinski and Behn, 2006). This 
technique has been used extensively in recent years to understand the multitude of processes 
that affect the composition of the DOM pool in the oceans, such as microbial degradation and 
production (e.g. Kim et al., 2006; Kujawinski et al., 2009; Rossel et al., 2013), input and selective 
degradation of terrestrial DOM (e.g. D´Andrilli et al., 2013; Riedel et al., 2013) or light-dependent 
transformations (e.g. Gonsior et al., 2009; Stubbins et al., 2012; Gonsior et al. 2013). 
Furthermore, FT-ICR-MS is considered one of the most promising techniques to isolate and 
unequivocally identify dissolved metal-organic complexes in diverse natural water samples 
(Waska et al., 2015). 
Iron is an essential trace element and frequently acts as a limiting micronutrient (Martin and 
Fitzwater, 1988). Iron can exist in seawater in two oxidation states, Fe2+ and Fe3+, free or 
complexed with inorganic and organic ligands (Liu and Millero, 2002). In the ancient anoxic Ocean 
of the Archean Eon, iron was abundantly present in the form of dissolved Fe2+ likely derived from 
hydrothermal systems (Jacobsen and Pimentel-Klose, 1988; Bau and Möller, 1993). At a certain 
point in the Earth´s history, large scale oxidation of Fe2+ to Fe3+ occurred, leading to the formation 
of massive deposits of iron-rich minerals known as banded iron formations (e.g. Konhauser et al., 
2007). In modern oxic oceans, iron sources include aeolian deposition, continental runoff and 
hydrothermal fluid discharge (Moore et al., 2002). It is estimated that about 9% of deep-ocean 
iron is introduced by hydrothermal fluids (Sander and Koschinsky, 2011). However, iron oxidizes 
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slowly in hydrothermal plumes due to the presence of natural organic ligands that are bound to 
nearly all dissolved iron (Rue and Bruland, 1995; Toner et al., 2009; Benner, 2011; Sander and 
Koschinsky, 2011). In addition to acting as organic ligands and keeping iron in solution, DOM also 
has a large affinity to co-precipitate with Fe3+, which is why ferric salts are widely used as 
coagulants in waste water treatment (e.g. Duan and Gregory, 2003). It is known that freshly 
precipitated Fe3+ oxides react with sulfides and other dissolved elements from seawater (Poulton 
and Canfield, 2006; Toner et al., 2009; Wang et al., 2012). In deep ocean hydrothermal vents, the 
presence of sulfide may create pyrite nanoparticles (FeS2) increasing the probability that vent-
derived iron will be transported over long distances in the water column (Yücel et al., 2011). In 
terrestrial environments, such as in iron-rich peatlands, redox interfaces have been proposed as 
selective intermediate barriers for land-derived DOM (Riedel et al., 2013). However, the 
selectivity of DOM interacting with iron and trace metals in marine environments is not well 
understood (Gledhill and Buck, 2012; Bennett et al., 2011; Dittmar and Stubbins, 2014).  
Shallow-water hydrothermal systems are easily accessible marine environments with strong 
redox gradients (e.g. Pichler et al., 1999a; Price et al., 2013a). They are considered extreme 
environments with unique biogeochemical conditions, originating from the interaction of hot, 
reduced fluids and cold, oxygenated seawater (e.g. McCarthy et al., 2005; Tarasov et al., 2005). 
The study of organic carbon at hydrothermal systems is also of particular interest for those 
investigating the chemical environment of the early Earth and other planetary bodies (e.g. Lang 
et al., 2010). In deep-sea hydrothermal plumes, evidence for a close coupling between organic 
carbon and Fe3+ oxides fluxes has been reported, but it remains to be determined whether this 
is as a result of biotic or purely abiotic geochemical processes (Bennett et al., 2011). In this 
context, the understanding of the iron−DOM interaction occurring in shallow hydrothermal 
systems may improve the general understanding of DOM cycling and the role of iron and 
hydrothermal vents in marine ecosystems. Here, we hypothesize that co-precipitation of DOM 
with iron at hydrothermal systems is a selective process, which characteristically alters the 
molecular composition of DOM released with hydrothermal fluids. Applying ultra-high resolution 
mass spectrometry, we characterized the molecular composition of (1) DOM in fluids from a 





4.2. Materials and methods 
4.2.1. Study site 
We explored a shallow hydrothermal vent system located at 5 m water depth on the south-west 
coast of Soufrière Bay at Dominica Island (Caribbean Sea) (Fig. 4.1). Dominica Island belongs to 
the Lesser Antilles archipelago, which represents one of only two active arc systems in the 
Atlantic Ocean. Although most of the Lesser Antilles islands have a single main vent (e.g. Saba, 
Statia, Nevis, Montserrat, Guadeloupe and Saint Vincent), Dominica has nine potentially active 
volcanic centers (Lindsay et al., 2005; Joseph et al., 2011; Fig. 4.1). Therefore, Dominica has been 
the most volcanically productive island in the Lesser Antilles arc over the last 100,000 years and 
one of the highest worldwide (Wadge, 1984; Lindsay et al., 2005). Dominica marine shallow 
hydrothermal systems located on the south-west of the island belong to the flank of the Morne 
Plat Pays volcanic complex (Lindsay et al., 2005; Fig. 4.1). They are characterized by high 
concentrations of ferrous iron in the hot vent fluids of up to 75 °C. Upon contact with seawater, 
the ferrous iron is rapidly oxidized leading to precipitation of hydrous ferric oxides (McCarthy et 
al., 2005).  
4.2.2. Field sampling and co-precipitation experiment 
The hydrothermal fluids and seawater samples for this study were taken during the field 
expedition to Dominica Island (Fig. 4.1) between 9th and 24th of April 2013. Identification of hot-
fluid spots in the area were carried out by SCUBA diving using the same in situ temperature 
probes as previous geochemical studies of marine shallow-water hydrothermal systems (e.g. 
Price et al., 2013a; Kleint et al., 2015). Fluid samples were collected with a funnel placed on the 
vent orifice which opened into food-grade large volume nylon bags (Fig. 4.1). On shore, 2 L 
polycarbonate bottles (Nalgene, USA), previously cleaned with ultrapure pH 2 water, were filled 
with the hydrothermal fluids, immediately closed and kept in the dark until filtration and 
acidification. Surface seawater samples were taken directly into the 2 L bottles. Samples were 
filtered using precombusted glass microfiber filters (GF/F, pore size: 0.7 μm, diameter: 47 mm; 
Whatman, USA), acidified to pH 2 (HCl 25% p.a., Carl Roth, Germany) and kept at 4 °C in the dark 
until extraction. The filters were stored separately in polystyrene tubes (15 mL, Sarstedt, 
Germany) at ‒20 °C. For the co-precipitation experiment, 1 L from a 2 L bottle (Nalgene, USA) 
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was immediately acidified, filtered and extracted, and the remaining liter was left in contact with 
the headspace air for 10 h before filtration, acidification and DOM extraction.  
 
 
Fig. 4.1: Study area in Soufrière Bay, south-west of Dominica Island (Lesser Antilles, Caribbean Sea). 
Maps were created using Ocean Data View (R. Schlitzer, http://odv.awi.de) and Google Earth 
(http://earth.google.com). Submarine photo courtesy of A.Madisetti showing the visible iron-
precipitation in Dominica sediment and the hydrothermal fluids sampling procedure with a funnel 
opened into food-grade large volume nylon bags where hot fluids were collected. Summits and 
volcanic centers adapted from Lindsay et al. (2005); Joseph et al. (2011). 
 
4.2.3. Geochemical parameters 
Temperature, pH and salinity were measured directly in the field. The pH and salinity were 
determined using a WTW pH meter 3210 with Mic-D electrode. Aliquots of 4 mL of filtered vent 
fluids were kept sealed in cold storage at approximately 3 °C for transport to the laboratory. 
Inorganic geochemical analyses were performed at the University of Bremen (Germany) 
following established procedures for hydrothermal fluids from marine shallow hydrothermal 
systems (e.g. McCarthy et al., 2005; Reeves et al., 2011). The anions Br, Cl, F and SO4 were 
determined by ion chromatography using a Metrohm system (USA). The cations of As, Ca, Fe, K, 
Li, Mg, Mn, Na, Si and Sr were measured by inductively coupled plasma-optical emission 
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spectroscopy (ICP-OES) using a Perkin Elmer Optima 7300 (USA). Micro images of hydrous ferric 
oxides were generated in secondary and backscatter electron mode using a Zeiss Supra 40 
scanning electron microscope (SEM). Energy dispersive X-ray (EDX) spectra were used to obtain 
semi-quantitative chemical compositions using a Bruker X-Flash 6/30 instrument at the 
University of Bremen (Germany). 
 
Table 4.1: Chemical composition of Dominica surface seawater, Soufrière shallow hydrothermal 
vents fluids, and the hydrothermal fluids analyzed in the co-precipitation experiment before and 
after 10 h aeration. The elements As, F and Mn are not shown as their values were always below 
detection limit (b.d.). 












fluids after 10h 
aeration 
Temperature (°C) 28 55 55 n.a. 
Water depth (m) 0 5 5 5 
pH 7.90 6.33 n.a. n.a. 
Salinity 30.8 10.9 n.a. n.a. 




Br 0.83 0.20 0.26 0.28 
Ca 11.0 3.97 2.43 4.12 
Cl 569.6 141.8 190.8 199.3 
K 10.6 3.19 3.46 3.63 
Mg 60.3 18.2 18.5 20.3 
Na 513.6 149.3 154.9 174.0 




B 409.7 543.2 448.4 499.1 
Fe b.d. 214.7 186.4 105.5 
Li 45.5 64.3 55.2 61.2 
Si b.d. 665.9 268.1 351.3 




4.2.4. Dissolved organic matter 
Aliquots of 20 mL fluids (triplicates per sample), filtered (0.7 μm) and acidified to pH 2, were 
analyzed for DOC via high temperature catalytic combustion using a Shimadzu TOC-VCPH/CPN 
Total Organic Carbon Analyzer at the University of Oldenburg (Germany). Accuracy of DOC 
determination was checked daily by analyzing the deep-sea reference provided by D. Hansell 
(University of Miami, USA). DOM was extracted by solid phase extraction (SPE) using divinyl 
benzene polymer cartridges (PPL, volume: 6 mL, Agilent, USA) according to Dittmar et al. (2008). 
Acidification of the sample to pH 2 is recommended for DOM extraction of natural water samples 
in FT-ICR-MS analysis, because the majority of natural DOM is assumed to consist of organic acids 
(Dittmar et al., 2008). Although low pH may decrease binding strengths, protonation of the 
binding sites is not high enough to completely dissociate Fe from acid-stable metal-organic 
complexes (Waska et al., 2015). Prior to extraction, the cartridges were soaked with methanol 
for 24 h and rinsed afterwards twice each, with ultrapure water, methanol (VWR, USA) and 
ultrapure water at pH 2. After loading DOM onto the SPE cartridge, the remaining salts were 
removed by rinsing with ultrapure water at pH 2, dried by pressing air through the cartridge with 
a clean air-syringe (20 mL, Braun, Germany) and eluted with 6 mL of methanol (HPLC-grade, 
Sigma-Aldrich, USA). The SPE-DOC extracts were stored in amber vials at ‒20 °C. The DOM 
trapped in the precipitates on the filters was extracted by treating the filters for 48 h with 
ultrapure water at pH 2 in the dark. Blank duplicates with only filters and ultrapure water at pH 
2 were prepared simultaneously. Then the same DOM extraction process was performed 
(Dittmar et al., 2008) using PPL cartridges. Afterwards, the SPE-DOC extracts were concentrated 
at room temperature via evaporation in a centrifugal evaporator system (Christ, Germany) by a 
factor of > 5 prior to measurements on the FT-ICR-MS in order to yield DOC concentrations > 20 
mg L-1. 
Mass spectra were obtained in negative ionization mode using the 15 Tesla FT-ICR-MS at the 
University of Oldenburg (Germany) (Solarix, Bruker Daltonics, USA) combined with an ESI device 
(Bruker Apollo II) with a needle voltage set to ‒ 4 kV. All extracts were analyzed at a DOC target 
concentration of 20 mg L-1 in 1:1 volumetric water to methanol mixture. A total of 500 scans were 
accumulated per run. The mass-to-charge window was set to 150-2000 Da. Internal calibration 
of the spectra was performed using the Brukers Daltonics Data Analysis software package with 
help of an established calibration list for marine dissolved organic matter, consisting of > 100 
mass calibration points of known molecular formulae. The data was processed using in-house 
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Matlab routines (Riedel et al., 2012) and molecular formulae with C1-100, H1-250, O1-100, N0-4, S0-2 or 
P0-1 were assigned to peaks with a minimum signal-to-noise ratio of four according to Koch et al. 
(2007). In the case of DOM extracted from the precipitates, only those molecular formulas 
detected in both analytical replicates were considered, which efficiently removed non-analytes 
from the data set that result from noise in the mass spectra (Riedel and Dittmar, 2014). For 
control of overall mass spectrometry quality and reproducibility, twice a day an in-house 
reference of DOM from North Equatorial Pacific Intermediate Water (NEqPIW) was analyzed 
(Green et al., 2014; Riedel and Dittmar, 2014). Peak identification was done according to Riedel 
and Dittmar (2014). 
Molecular formulas were used to calculate two indexes: the Double Bond Equivalence Index (DBE 
= 1 + ½ (2C – H + N + P)) in order to evaluate the degree of unsaturation, and the modified 
Aromaticity Index (AImod = (1 + C – ½O – S – ½H) / (C – ½O – S – N – P)) to estimate the presence 
of aromatics (AImod ≥ 0.5) and condensed aromatics (AImod ≥ 0.666) taking in consideration the 
abundance of carboxyl groups in natural organic matter (Koch and Dittmar, 2006). Condensed 
aromatics containing nitrogen, sulfur or phosphorus were excluded for data interpretation as 
they were not specifically confirmed by the presence of the respective 13C isotopologous due to 
their low abundance in the mass spectra. Signal intensities of individual signals were converted 
into percentages relative to total signal intensity in a sample. These relative signal intensities 
were used to calculate intensity weighted averages of DBE index, AImod and molar ratios (H/C, 
O/C) (e.g. Schmidt et al., 2009; Seidel et al., 2014). 
4.3. Results and discussion 
4.3.1. Hydrothermal fluids imprint on general geochemistry 
The shallow hydrothermal vents in Soufrière Bay (southwest Dominica Island) released fluids of 
55 °C temperature and a slightly acidic pH of 6.33 (Table 4.1). In contrast, surface seawater 
samples were 28 °C and had a pH of 7.90 (Table 4.1). Previous studies on Dominica marine 
shallow hydrothermal systems in Champagne Hot Springs (~2 km North from Soufrière Bay) 
reported a similar range of fluid temperatures from 44 to 71 °C with a pH ranging from 5.95 to 
6.27 (McCarthy et al., 2005). However, not just submarine venting occurs at this island. Dominica 
has been reported as the most volcanically productive island in the Lesser Antilles arc with several 
areas of geothermal activity (Lindsay et al., 2005; Fig. 4.1). Some ponds or lakes can reach up to 
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97 °C and strongly acidic pH of 1.4 has been reported (e.g. Boiling Lake, Valley of Desolation; 
Joseph et al., 2011). The strong difference in temperature and pH between terrestrial and marine 
vents is due to the fact that Dominica submarine fluids are meteorically influenced and mixed 
with seawater (McCarthy et al., 2005). Meteoric influence plays a key role in the composition of 
the fluids at shallow hydrothermal systems, generating variations in fluids temperature and 
geochemical composition (Pichler, 2005; Tarasov et al., 2005). In our study, the salinity of the 
fluids (10.9) suggests a mixture of meteoric water and seawater (Table 4.1). 
The chemical composition of Soufrière Bay hydrothermal fluids differed from surface seawater 
(Fig. 4.2). Br, Ca, Cl, K, Mg, Na, SO4 and Sr were depleted in the fluids as compared to seawater, 
probably due to mixing with meteoric waters (McCarthy et al., 2005). Potential interactions of 
hot fluids with minerals in the subsurface might be another explanation (Pichler, 2005). In 
contrast, dissolved Fe and Si were strongly enriched in the fluids (Fig. 4.2). Previous studies on 
Dominica marine shallow hydrothermal systems demonstrated that concentrations of Fe2+ were 
similar to the concentration of total dissolved Fe as determined by ICP-OES (McCarthy et al., 
2005; Kleint et al., 2015), indicating that the predominant dissolved species in the vent fluids of 
our study was ferrous iron as well. In surface seawater, dissolved Fe is rapidly removed due to 
insolubility of Fe(OH)3 after oxidation of Fe2+ (Fig. 4.3). Fe3+ precipitates typically form spherical 
particle aggregates often enriched in Si (e.g. Boyd and Scott 1999, 2001). They commonly form 
in the oceans (von der Heyden et al., 2012), usually associated to volcanic areas (e.g. Franklin 
Seamount at Papua New Guinea; Boyd and Scott, 2001). SEM microscopic images of hydrous 
ferric oxides precipitates, which precipitated around the shallow hydrothermal vents off 
Dominica also showed spherical particles of successively smaller spheres containing Fe and Si 
(Fig. 4.3). The energy-dispersive X-ray (EDX) spectrum indicated up to 20% SiO2 in the structure, 
which is common for ferrihydrite precipitated abiotically from hydrothermal fluids (Pichler and 
Veizer, 1999; Pichler et al., 1999a).  
4.3.2. DOC depletion in the hydrothermal fluids 
The DOC concentration of Soufrière Bay shallow-water hydrothermal fluids (27 μM on average) 
was less than 30% compared to that of Dominica surface seawater (99 μM on average; Table 4.1). 
The surface seawater DOC concentration was higher than typical for the open ocean, but 
representative for coastal regions (Dittmar and Stubbins, 2014). In our case, given the close 
proximity to the island with intensive biomass production an input of terrigenous organic matter 
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is a likely explanation for the enhanced DOC concentration in the surface seawater. Lignin-
derived phenols are representative compounds of terrigenous DOM (Dittmar and Stubbins, 
2014). In our study, we identified ~2% more aromatics in the surface seawater of Dominica 
compared to North Equatorial Pacific Intermediate Water (NEqPIW) supporting the possibility of 
terrigenous enrichment. Furthermore, the hydrothermal system of Dominica is located in a 
shallow and continuously mixed water column, influencing bentho-pelagic coupling and 
subsequent production of DOC by plankton. Therefore, high DOC concentrations in the surface 
seawater of Dominica could be explained by both terrigenous enrichment and/or microbial 
production. 
 
Fig. 4.2: Geochemical enrichment ratios of the hydrothermal fluids as compared to the seawater before 
and after induced 10 h aeration, being initial hydrothermal fluids (gray) and hydrothermal fluids after 10 
h aeration (black). The value of the detection limit (0.01 mg L-1) was attributed to the seawater values of 
Fe and Si (both b.d.) in order to calculate the minimum enrichment ratios (*). The elements As, F and Mn 




















































































































































































































































































































































































































































































































































One likely explanation for the low DOC concentration in the hydrothermal fluids (27 μM DOC; 
Table 4.1) could be the influence of low-DOC meteoric water. Fluids in a shallow-water 
hydrothermal system may be derived from any or a combination of the following sources: 
meteoric water, seawater, connate water and magmatic water (Pichler, 2005; McCarthy et al., 
2005). In our study, the salinity, seawater major elements (Br, Ca, Cl, K, Mg, Na, SO4) and DOC 
concentration in the hydrothermal fluids accounted approximately for 30% of seawater values, 
respectively. The DOC concentration in the fluids was 27% compared to seawater, the salinity of 
the fluids was 35% compared to seawater salinity and seawater major elements concentration in 
the fluids was 29±4% of surface seawater concentrations (Table 4.1; Fig. 4.2). This suggests that 
seawater accounted for approximately one third of the fluids and the other two thirds were from 
meteoric origin although discharging in a submarine environment, along with possible magmatic 
contributions (e.g. Giggenbach, 1992; McCarthy et al., 2005). However, biotic consumption or 
abiotic depletion of DOC during seawater re-circulation through the sediment cannot be ruled 
out as an additional reason for the low DOC concentrations (Bennett et al., 2011). In deep waters, 
active processes in hydrothermal systems should actively sequester organic carbon and play an 
important role globally in the delivery of particulate organic carbon (POC) to the seafloor 
(German et al., 2015). During hydrothermal circulation within Earth´s crust, seawater DOC can be 
removed though the exact mechanism is still unknown. This removal is estimated as 4% of the 
global rate of refractory DOC removal (Lang et al., 2006; Hansell et al., 2009; Hansell, 2013). 
Potential explanations of DOC removal are microbial consumption driven by deep-sea vent 
communities, interaction with minerals in the subsurface leading to DOC sorption or direct 
abiotic thermal degradation of DOC (Lang et al., 2006; Santelli et al., 2008; Bennett et al., 2011; 
Hawkes et al., 2015). 
The possibility of potential subsurface heterotrophic consumption in the shallow hydrothermal 
system of Dominica should be further investigated. However, abiotic processes such as organic 
matter adsorption to mineral surfaces favored by high porosity of the sediment or thermal 
degradation of DOC are potentially feasible in Dominica. An increase in temperature may affect 
the ability of water to react with organics (Siskin and Katritzky, 1991), though the temperature 
difference between fluids and seawater is less severe in shallow hydrothermal systems than in 
deep-sea vents (Tarasov et al., 2005; Table 4.1). Nevertheless, DOC concentration of Dominica 
fluids was in between the averaged DOC concentrations of high temperature deep-sea 
hydrothermal fluids (200-350 °C; 15-17 μM of DOC) and low temperature diffuse fluids (20-85 °C; 
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47-48 μM of DOC) (Juan de Fuca Ridge; Lang et al., 2006). Therefore, similar abiotic processes in 
DOC depletion may be taking place at shallow-water and deep-sea hydrothermal systems.  
 
 
Fig. 4.3: Scanning electron micrographs of hydrous ferric oxide (2-line ferrihydrite), 
which precipitated in the vicinity of the shallow hydrothermal vents and the associated 
energy dispersive X-ray (EDX) spectrum indicating the chemical composition to be 
mainly O, Fe and Si. The minor peaks for Cl, Na and Mg are a preparation artifact. During 
drying of the ferrihydrite, seawater evaporates and those elements remain in quantities 
detectable by EDX. 
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4.3.3. Hydrothermal fluids imprint on the DOM signature 
A total of 2840 molecular formulas were identified in the DOM of the hydrothermal fluids from 
Soufrière Bay, 2538 in Dominica surface seawater and 2418 in NEqPIW. We applied a common 
detection limit on the relative signal intensity scale to facilitate maximum comparability among 
samples, and this explains the relatively low number of compounds detected in NEqPIW 
compared to previous studies (Riedel and Dittmar, 2014). In the DOM of the hydrothermal fluids, 
the largest fraction (45.3%) of all assigned formulas were organic compounds containing only 
carbon, hydrogen and oxygen atoms (CHO), followed by compounds containing also nitrogen 
with or without sulfur and phosphorus (39.5%; CHON, Table 4.2). In the surface seawater DOM, 
the CHO compounds represented the most abundant group of formulas (44.6%), closely followed 
by CHON (42.8%). However, in NEqPIW the nitrogen-containing compounds were more abundant 
(45.3%) than CHO compounds (42.4%). Formulas containing sulfur with or without nitrogen and 
phosphorus were 14.2% in the hydrothermal fluids, 11.7% in surface seawater and 11.1% in 
NEqPIW (CHOS, Table 4.2). The abundance of phosphorus-containing formulas with or without 
nitrogen and sulfur was always below 1.5% in hydrothermal fluids, close to 2% in Dominica 
seawater and 3.2% in NEqPIW (CHOP; Table 4.2).   
The DOM from the fluids had higher DBE (9.26 compared to 8.37 or 8.89) and lower H/C ratio 
(1.18 versus 1.25) intensity-weighted averages than surface seawater or NEqPIW (Table 4.2), 
indicating more unsaturated compounds in the hydrothermal fluids than in the seawater. 
Compared to other environments, DOM from Dominica hydrothermal fluids was more 
unsaturated than Svalbard fjords water samples (8.43 DBE; 1.27 H/C; Osterholz et al., 2014), 
glaciers from Austrian Alps (1.22 − 1.64 H/C; Singer et al., 2012) or pore water from sediments of 
the northwest Iberian shelf (8.40 − 8.95 DBE; 1.24 − 1.29 H/C; Schmidt et al., 2009). The degree 
of unsaturation from Dominica fluids was similar to pore water from intertidal sediments of the 
southern North Sea (1.00 − 1.25 H/C; Seidel et al., 2014) or rivers from northwest Spain (8.92 − 
10.18 DBE, 1.13 − 1.19 H/C; Schmidt et al., 2009), but lower than fen ponds from northern 
Germany (1.05 − 1.17 H/C; Riedel et al., 2013). The O/C ratio average of Dominica hydrothermal 
fluids was lower than the surface seawater or NEqPIW (0.43 versus 0.49; Table 4.2), and also 
compared with other environments like Svalbard fjord water samples (0.46 O/C; Osterholz et al., 
2014), glacier DOM from Austrian Alps (0.38 − 0.62 O/C; Singer et al., 2012), rivers or pore water 
from the northwest Iberian shelf (0.49 − 0.52 O/C; Schmidt et al., 2009) or pore water from 
intertidal sediments of the southern North Sea (0.45 − 0.50 O/C; Seidel et al., 2014). A similar O/C 
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ratio was found in fen ponds from northern Germany (0.41 − 0.44 O/C; Riedel et al., 2013). Thus, 
our data indicated potential input of unsaturated and reduced DOM compounds from Dominica 
shallow hydrothermal fluids into the surrounding seawater. These compounds likely originate 
from decomposition of vascular plant biomass (Dittmar and Stubbins, 2014).  
Lower H/C ratios could also be indicative of increasing aromaticity. Applying the aromaticity index 
(Koch and Dittmar, 2006), we detected more aromatic compounds in the hydrothermal fluids 
than in surface seawater or NEqPIW (16.2 to 13.3 and 11.7%; Table 4.2). The relative abundance 
of condensed aromatics was also higher but below 2% in all the samples (1.6 to 1.3 and 0.3%; 
Table 4.2). Potential explanations for the variations in aromatic compounds between shallow-
water hydrothermal fluids and seawater might be photooxidation due to light irradiation, 
microbial degradation, or a coagulation together with iron-oxidation in a similar way as occurs in 
terrestrial iron-rich ponds (Riedel et al., 2012; 2013). Photodegradation decreases the abundance 
of aromatics and is accompanied by an increase in compounds with higher O/C ratios, because 
aromatics should be transformed to more saturated and oxidized compounds (Schmitt-Koplin et 
al., 1998; Gonsior et al., 2009). Our results showed an increase in the O/C ratio average from 0.43 
to 0.49 comparing fluids with seawater. Photo-labile compounds in marine DOM have been 
reported frequently (e.g. Stubbins et al., 2012, Gonsior et al., 2013) and photo-degradability was 
reported as varying with the degree of condensation of the molecule and, therefore, with the 
aromaticity (Stubbins et al., 2012). Dominica hydrothermal fluids were taken at shallow waters 
(5 m water depth) where solar irradiation may reach, so that photodegradation of the surface 
seawater or of the hydrothermal fluids when they were collected immediately after being 
released from the shallow hydrothermal vents (Fig. 4.1) might be a possible explanation. That 
could explain the low abundance of aromatics (13 − 16%) and condensed aromatics (1 − 2%) in 
the marine hydrothermal system of Dominica compared to terrestrial environments with limited 
penetration of light. For instance, turbid fen waters presented aromatics relative abundances 
between 20 and 35% and condensed aromatics up to 11% (Riedel et al., 2013). The second 
possible explanation for the variations in aromatic compounds between hydrothermal fluids and 
seawater might be microbial degradation of aromatics. However, aromatic moieties are generally 
less susceptible to microbial attack (Riedel et al., 2013). Thus, the third possibility of iron-
coagulation of DOM is a potential explanation due to the depletion of dissolved iron and the 
precipitation of hydrous ferric oxides in this specific environment (McCarthy et al., 2005; Fig. 4.3). 
We tested the hypothesis that DOM is co-precipitating with Fe3+ oxides forming upon oxidation 
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of the hydrothermal fluids from Dominica by artificially inducing such a precipitation under 
laboratory conditions. 
4.3.4. Co-precipitation modulates DOM composition 
After inducing 10 h aeration of the hydrothermal fluids, an 8% decrease in DOC co-occurred 
simultaneously with a 43% depletion of dissolved iron (Fig. 4.2). Fe was the only detected 
element that was depleted in solution after precipitation, while most others did not show 
variations (Fig. 4.2). Calcium and Si were enriched in the filtrate after 10 h most likely due to the 
crystals dissolving when the hydrothermal fluids cooled down during the oxygenation, as for 
instance occurs due to the retrograde solubility of calcite or aragonite (Morse and Mackenzie, 
1990). Previous studies on iron-precipitation in deep-sea hydrothermal plumes estimated Fe2+ 
oxidation rates with Fe2+ half-lives ranging from 15 min in North Atlantic Ocean to ~6 h in North 
East Pacific Ocean (Field and Sherrell, 2000). In deep-sea hydrothermal plumes from vents of the 
Indian Ocean, the average half-life of Fe2+ was 2.31 h (Statham et al., 2005). That more than 50% 
of the dissolved iron still remained in solution after 10 h of contact with air suggests Dominica 
shallow hydrothermal system as a promising site to study potential complex formation with iron 
binding ligands as proposed for deep-sea hydrothermal plumes (Bennett et al., 2008; Sander and 
Koschinsky, 2011; Hawkes et al., 2013). The apparently slow Fe2+ oxidation rate of Dominica 
hydrothermal fluids might be caused by the precipitation of Fe3+ colloids, which equivalent 
diameter (~50 nm; Field and Sherrell, 2000) may count them to the dissolved pool because 
colloids are smaller than filters pore size (e.g. Wu et al., 2001; Hawkes et al., 2013, 2014). The 
possibility of Fe3+ colloids rapidly clumping together prior to the initial stage of the co-
precipitation experiment was consistent with the spherical particles of successively smaller 
spheres observed in the SEM microscope images (Fig. 4.3). This could be an explanation of the 
minor differences observed in the molecular DOM composition between the initial and aerated 
hydrothermal fluids during the co-precipitation experiment (Table 4.2). 
However, we observed clear trends in the re-solubilization of the iron precipitates. 2673 formulas 
were detected originally in the filtrated hydrothermal fluids, 292 sorbed onto particles in co-
precipitated DOM, and these number of formulas decreased to 2524 and 185 after 10 h aeration, 
respectively (Table 4.2). The samples were stored under dark conditions during re-solubilization, 
and so photodegradation cannot explain the decrease in DOC concentration associated to the 10 
h aeration. Consequently, the observed molecular changes did not match those that would be 
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expected for photo-degradability (Gonsior et al., 2009; Stubbins et al., 2012; Table 4.2). Instead, 
we propose that DOM was co-precipitated with Fe3+ oxide particles as previously demonstrated 
in other environments (e.g. Riedel et al., 2013). Combining both initial and aerated samples, we 
observed evidence for selective alteration of the DOM molecular composition. If there would be 
no selectivity, the relative abundances, molar ratios and index averages should remain similar in 
the co-precipitated DOM. However, the DOM fraction in the iron precipitates contained more 
reduced and saturated compounds than the DOM in the filtrated hydrothermal fluids (co-
precipitated DOM: 0.40 ± 0.01 O/C; 1.31 ± 0.03 H/C; 5.89 ± 0.12 DBE; hydrothermal fluids: 0.44 ± 
0.00 O/C; 1.19 ± 0.01 H/C; 8.98 ± 0.04 DBE; Table 4.2). The DOM compounds category 
preferentially co-precipitating with iron were those containing only CHO (co-precipitated DOM: 
65.1 ± 7.9% CHO; hydrothermal fluids: 46.3 ± 0.2% CHO; Table 4.2; Fig. 4.4), followed by 
compounds containing sulfur most likely due to the affinity of iron to form metal sulfides in 
hydrothermal fluid precipitates (Pichler et al., 1999b) (co-precipitated DOM: 26.8 ± 3.0% CHOS; 
hydrothermal fluids: 14.5 ± 0.1% CHOS; Table 4.2; Fig. 4.4). In contrast, the compounds 
containing nitrogen or phosphorus preferentially remained in solution (co-precipitated DOM: 7.9 
± 5.2% CHON; 0.8 ± 0.3% CHOP; hydrothermal fluids: 38.7 ± 0.1% CHON; 1.2 ± 0.1% CHOP; Table 
4.2; Fig. 4.4). 
In marine environments, iron availability is mainly limited by the solubility of Fe3+ that is 
determined as a function of pH, temperature and ionic strength (Johnson et al., 1997; Liu and 
Millero, 1999, 2002). In our study, the mixing of hydrothermal fluids with seawater may have 
increased the pH and decreased the temperature favoring the precipitation of Fe3+ oxides, as in 
other shallow hydrothermal systems (e.g. Tutum Bay, Papua New Guinea; Pichler and Veizer, 
1999). Some compounds may precipitate faster than others (Fig. 4.4d). After 10 h aeration, 
compounds containing nitrogen, sulfur or phosphorus decreased in abundance in the co-
precipitated DOM, but the relative proportion of only CHO compounds increased (Table 4.2; Fig. 
4.4a). Consequently, there was an increase of 6.6% of aromatics associated with the re-dissolved 
precipitates (13.4 compared to 20.0%; Fig. 4.4a) supporting the iron-coagulation theory of Riedel 
et al. (2013). In terrestrial environments, the coagulation of DOM by iron depends on the 
DOC/metal ratio (Riedel et al., 2012). At ratios ~9, preferential removal of aromatic compounds 
is observed while at lower ratios ~1 additionally more oxidized and highly aromatic compounds 
disappear. In our case, the DOC/Fe2+ ratios were ~0.3 (Table 4.1), which is much lower than 
required for quantitative co-precipitation of iron and DOM (Nierop et al., 2002). Therefore, 
marine hydrothermal DOM may also be subject to preferential precipitation with Fe3+ similar to 
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terrestrial environments (Riedel et al., 2012; 2013). Our data showed the potential of FT-ICR-MS 




Fig. 4.4: Co-precipitation experiment summary, showing the percentage of aromatic compounds and 
different formula groups of total DOM from iron precipitates re-solubilization, overlaying the original 
photography of the filters where the iron-precipitation was visible. Being: (a) initial hydrothermal fluids 
filters; (b) the same hydrothermal fluids filters after 10 h aeration; (c) FT-ICR mass spectra (ESI negative 
mode) of the initially filtrated hydrothermal fluids, (d) expanded section of the mass spectra at 331−333 
Da with the identified molecular formulas, the compounds classified as aromatics and those formulas 
detected in the co-precipitated DOM initially and/or after 10 h aeration (e.g. C14H20O9 was identified in 
the co-precipitated DOM initially, C16H14O8 only after 10 h aeration and C18H20O6 in both, initially and after 





Here we applied FT-ICR-MS to characterize the molecular composition of DOM in hydrothermal 
fluids from a shallow-water system and of the DOM fraction that co-precipitates with Fe3+. 
Hydrothermal fluids were strongly enriched in dissolved Fe and Si, but DOC concentrations were 
less than 30% compared to the surface seawater. The DOC depletion in the fluids was most likely 
due to low-DOC meteoric water influence but also suggested biotic or abiotic processes 
consuming or depleting DOC when seawater entrained the sediment. Dominica fluid DOC 
concentration was in between the average of high temperature deep-sea hydrothermal fluids 
and low temperature diffuse fluids DOC concentrations. Thus, similar abiotic processes in DOC 
depletion may be taking place at shallow-water and deep-sea hydrothermal systems.  
Formation of hydrous ferric oxides by aeration of the hydrothermal fluids for 10 h lead to an 8% 
decrease in DOC, indicating co-precipitation of iron and DOM. Due to the fact that 50% of the 
Fe2+ still remained in solution after 10 h aeration, we propose Dominica iron-rich hydrothermal 
system as a suitable marine environment to perform further investigation on iron binding organic 
ligands. Re-solubilization of iron precipitates revealed co-precipitated DOM with more reduced 
and saturated compounds than the filtrated hydrothermal fluids. The main category of DOM 
compounds co-precipitating with iron were those containing only CHO followed by sulfur-
containing compounds. In contrast, compounds containing nitrogen or phosphorus preferentially 
remained in solution. After 10 h aeration we detected increased relative abundance of aromatic 
compounds in the co-precipitated DOM, which is in accordance with iron-coagulation in 
terrestrial environments. 
In conclusion, we provide evidence for selective alteration of DOM molecular composition in 
shallow hydrothermal systems, which are linked to the special abiotic processes occurring in 
these extreme environments. We showed the potential of studying the hydrothermal fluids and 
iron precipitates with ultra-high resolution mass spectrometric techniques to improve the 
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Chapter 5 - Abstract 
The unique biogeochemistry of marine shallow-water hydrothermal systems promotes the 
establishment of microbial communities with a range of metabolic pathways. In contrast to deep-
sea vents, shallow vents not only support chemosynthesis but also phototrophic primary 
production due to the availability of light. However, comprehensive studies targeting the 
predominant biogeochemical processes are rare, and consequently an holistic understanding of 
the functioning of these ecosystems is currently lacking. In this study, we combined stable 
isotope probing of lipid biomarkers with bacterial community structure analyses to investigate if 
chemoautotrophy, in parallel to photoautotrophy, plays a significant role in carbon fixation. The 
study area was a marine shallow system located at 5 m water depth off Dominica Island (Lesser 
Antilles, Caribbean Sea), characterized by hydrothermal fluids of 55 °C discharging high 
concentration of dissolved Fe2+, precipitating out as Fe3+ oxides upon contact with the 
oxygenated seawater. Analysis of the bacterial diversity revealed the presence of key players in 
iron cycling generally known from deep-sea vents (e.g. Zetaproteobacteria), supporting the 
importance of microbes in iron redox processes in the Dominica system. Uptake of 13C-
bicarbonate into fatty acids under light and dark conditions revealed the potential of active 
photo- and chemoautotrophic communities, indicating that chemoautotrophy was responsible 
for up to 65% of the total carbon fixation. Elevated 13C-incorporation in the dark allowed the 
identification of aiC15:0, C15:0, iC16:0 and 10Me-C16:0 as potential lipid biomarkers for bacterial 
chemoautotrophy. Our experiments furthermore revealed chemosynthesis to be active down to 
8 cm sediment depth, with the highest total 13C-incorporation taking place at the surface. In 
conclusion, we identified Dominica marine shallow hydrothermal system as a potential hotspot 
for chemoautotrophy, emphasizing chemosynthesis as a major process of primary production in 
marine coastal environments with hydrothermalism.  
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The discovery of deep-sea hydrothermal vents in 1977 on the Galápagos Rift (Lonsdale, 1977; 
Corliss et al., 1979) firstly identified a marine ecosystem where chemosynthesis, as opposed to 
photosynthesis, was the predominant form of organic carbon production (Jannasch and Wirsen, 
1979; Jannasch and Mottl, 1985). Chemoautotrophic microorganisms in hydrothermal systems 
are able to assimilate inorganic carbon into biomass and effectively transfer the energy from the 
geothermal source to higher trophic levels (Sievert and Vetriani, 2012). Several advances 
improving the general knowledge of chemoautotrophy in hydrothermal vents have been 
reported in recent years (e.g. Flores et al., 2011; Hügler and Sievert, 2011; Dahle et al., 2015; 
Stokke et al., 2015). However, hydrothermal systems are very heterogeneous microbial habitats 
(e.g. Santelli et al., 2000; Flores et al., 2011; Olins et al., 2013; Reeves et al., 2014; Stokke et al., 
2015) and it is often difficult to obtain representative samples or to perform in situ 
measurements at deep-sea vents (Sievert and Vetriani, 2012; Reeves et al., 2014). Thus, there 
are still significant gaps concerning microbial biogeochemistry of hydrothermal systems in terms 
of determining the functioning and relevance of metabolic pathways (e.g. Sievert and Vetriani, 
2012; Reeves et al., 2014).  
Hydrothermal systems are among the oldest continuously functioning ecosystems on Earth, 
occurring over a wide depth range in the oceans, from intertidal to the abyss (Rasmussen, 2000; 
Hawkes et al., 2014). Microorganisms are known to have diverse metabolic pathways for carbon 
assimilation and energy generation. Besides the autotrophic pathway of Calvin-Benson-Bassham 
cycle performed by cyanobacteria, plants and a variety of chemoautotrophs, five alternative CO2 
fixation pathways are known, including for instance the reductive citric acid cycle or the reductive 
acetyl-CoA pathway (e.g. Hügler and Sievert, 2011). The potentially ancient origin of some of 
these pathways is supported by their occurrence mainly in anaerobes and thermophiles, in both 
Bacteria and Archaea (e.g. Fuchs, 2011; Hügler and Sievert, 2011). Consequently, the study of 
extremophiles from modern analogs can potentially provide insights into the functioning of 
ancient microbial ecosystems (e.g. Crowe et al., 2008; Bühring et al., 2011). 
Marine shallow-water hydrothermal systems (< 200 m water depth; Tarasov et al., 2005) are 
easily accessible extreme environments with unique biogeochemical conditions. Energy sources 
for primary production in these systems become available when the hot, reduced hydrothermal 
fluids mix with the cold, oxygenated seawater (e.g. Amend and Shock, 1998). In contrast to deep-
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sea vents, shallow-water systems not only support chemosynthetic processes but also 
phototrophic primary production due to the availability of light (Tarasov et al., 2005). 
Accordingly, shallow-water systems generally host higher input of autochthonous organic matter 
than deep-sea vents, where it is thought to be exclusively produced by chemosynthesis (Jannasch 
and Mottl, 1985). Furthermore, the additional input of allochthonous organic matter generated 
on land, in the vicinity of the vents, or in the water column above the vents may sustain 
heterotrophic thermophiles (e.g. Sievert et al., 2000). Marine shallow hydrothermal systems have 
been investigated using geochemical approaches (e.g. McCarthy et al., 2005; Price et al., 2013a) 
and bacterial community structure analyses (e.g. Sievert et al., 1999; 2000; Giovanelli et al., 2013; 
Price et al., 2013b). However, comprehensive studies targeting the predominant biogeochemical 
processes at shallow hydrothermal systems are rare, and a holistic understanding of the 
functioning of these ecosystems is currently lacking. The analysis of lipid signatures in natural 
environments offers a unique approach. Lipids can provide quantitative information about the 
community structure without the necessity of culturing and isolation, as well as reveal basic 
information about the adaptation of microbes to varying environmental conditions (White, 1988; 
Hayes et al., 1990; Hinrichs et al., 1999; Hayes, 2001; Bühring et al. 2009; Lincoln et al., 2014). In 
hydrothermal environments, lipids have been used to decipher carbon flow at deep-sea vents 
(e.g. Bradley et al., 2009; Reeves et al., 2014) and in terrestrial hot springs (e.g. van der Meer et 
al, 2000; Schubotz et al., 2013). However, this approach has not yet been applied to elucidate the 
relative importance of chemoautotrophy and photoautotrophy for primary production in marine 
shallow hydrothermal systems. 
The general consensus is that chemosynthesis represents a minor process in marine coastal 
sediments where no hydrothermal activity takes place, due to the lower concentration of 
reduced chemicals, the relatively low growth yields of chemoautotrophic organisms and the 
competition with chemical oxidation reactions (Jørgensen and Nelson, 2004). However, a recent 
study of lipid signatures concluded that dark carbon fixation can be considered a major process 
even in intertidal coastal sediments without hydrothermalism (Boschker et al., 2014). Previous 
work has shown that the proportion of chemoautotrophy to photosynthetic primary production 
differs from one shallow hydrothermal system to the other (Tarasov et al., 2005). Therefore, the 
aim of this study was to investigate the relative importance of chemoautotrophy and 
photoautotrophy for carbon fixation in a marine shallow hydrothermal system, where the 
continuous supply of reduced substances from below supports chemoautotrophic 
microorganisms, while the presence of light sustains photosynthesis. Applying an integrated 
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approach, we combined stable isotope probing of lipid biomarkers with bacterial community 
structure analysis, and quantified the uptake of 13C-bicarbonate into lipid biomarkers (1) under 
light and dark conditions and (2) at different redox interfaces under dark conditions as a function 
of incubation time and sediment depth. 
 
Fig. 5.1: Study area in Soufrière Bay, south-west of Dominica Island (Lesser Antilles, Caribbean Sea). Maps 
were created using Ocean Data View (R. Schlitzer, http://odv.awi.de) and Google Earth 
(http://earth.google.com). Submarine photo courtesy of A. Madisetti showing light reaching surface 
sediment at 5 m water depth and visible orange color due to Fe3+ oxides precipitates. Geochemistry values 
adapted from Gomez-Saez et al., (2015) and Gomez-Saez et al., (under review).  
 
5.2. Materials and methods 
5.2.1. Study site 
We explored a shallow hydrothermal vent system located at 5 m water depth on the south-west 
coast of Soufrière Bay on Dominica Island (Caribbean Sea) (Fig 5.1). Dominica Island belongs to 
the Lesser Antilles archipelago, which represents one of only two active arc systems in the 
Atlantic Ocean. Although most of the Lesser Antilles islands have a single main vent, Dominica 
has nine potentially active volcanic centres (Lindsay et al., 2005; Joseph et al., 2011). Therefore, 
Dominica has been the most volcanically productive island in the Lesser Antilles arc over the last 
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100,000 years and one of the highest worldwide (Wadge, 1984; Lindsay et al., 2005). Dominica 
submarine hydrothermal venting occurs mainly along the submerged flank of the Plat Pays 
Volcanic Complex in the south-west of the island, with fluids temperature ranging between 44 − 
75 °C (McCarthy et al., 2005; Kleint et al., 2015; Fig. 5.1). The hydrothermal fluids are 
characterized by high concentrations of ferrous iron (Fe2+), which gets immediately oxidized upon 
contact with oxygenated seawater, forming orange patches of hydrous ferric (Fe3+) oxides 
precipitates on the sediment surface (McCarthy et al., 2005; Gomez-Saez et al., 2015). 
5.2.2. Field sampling and 13C-labeling experiments 
The hydrothermal fluids, seawater and sediment samples for this study were taken during the 
field expedition to Dominica Island (Fig. 5.1) between 9th and 24th of April 2013. Identification of 
hot-fluid spots in the area were carried out by SCUBA diving using the same in situ temperature 
probes as previous geochemical studies of marine shallow hydrothermal systems (e.g. Price et 
al., 2013a; Kleint et al., 2015). Temperature, pH and salinity were measured directly in the field 
using a WTW pH meter 3210 with Mic-D electrode. Fluid samples for geochemical analyses were 
collected with a funnel placed on the vent orifice which opened into a food-grade large volume 
nylon bags as described previously (Gomez-Saez et al., 2015). Sediment cores were sampled using 
polycarbonate tubes with rubber end caps, covered with hydrothermal fluids and transported 
within 2 h after sampling in an upright position to ensure minimum disturbance of sediment. Two 
labeling experiments were carried out under laboratory conditions immediately afterwards. In 
the first set of incubations, light availability was the differentiating factor. Accordingly, six parallel 
incubations of Soufrière surface sediment were performed for 24 h at 55 °C, mimicking natural 
temperature conditions. Half of the samples were incubated in the dark, while the other half 
were exposed to light. Each experiment consisted of two incubations to which 13C-bicarbonate 
was added and one incubation without tracer addition. Surface sediment (150 mL) and 
hydrothermal fluids from Soufrière vents (100 mL; Gomez-Saez et al., 2015) were incubated in a 
mixture of additional hydrothermal fluids with label addition (25 mL; 6.5 mM; 13C-bicarbonate 
NaHCO3, 13C 99%; Cambridge Isotope Laboratories, Inc.). In the second set of incubations, a 
mixture of 13C-bicarbonate and hydrothermal fluid was injected at a final concentration of 6.5 
mM at five different depths (0 − 2, 2 − 4, 4 − 6, 6 − 8 and 8 − 10 cm) in eight sediment cores, which 
were incubated in the dark at 55 °C together with four cores that did not receive a tracer addition. 
At each sampling time (6, 12, 24 and 48 h), two cores with, and one core without 13C-label 
addition were subsampled at 2 cm depth intervals, stored individually in 150 mL pre-cleaned vials 
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(Carl Roth, Germany), and carried frozen at ‒ 20 °C for subsequent lipid analyses in the laboratory 
in Germany.  
Table 5.1: Bacterial fatty acids from C14 to C18 where the 13C-bicarbonate incorporation was detected 
showing the % of the spectra which represented every fatty acid, the natural unlabeled value and 
the labeled δ13C value in function of light or dark surface sediment incubation during 24 h (Fig. 5.3).  
Fatty 
acids 















C14:1 0.2 − 33.2 − 1.5 0.1 − 36.0 − 11.0 
C14:0 3.8 − 27.9 − 16.6 3.6 − 28.9 − 22.9 
iC15:0 2.1 − 27.0 − 10.0 1.8 − 27.1 − 12.4 
aiC15:0 1.1 − 28.3 − 6.7 1.1 − 29.8 − 3.7 
C15:0 1.2 − 27.0 − 17.4 1.2 − 32.9 − 18.8 
iC16:0 1.1 − 27.2 − 0.2 1.0 − 27.9 5.6 
C16:2 0.6 − 33.9 − 30.7 0.5 − 32.6 − 30.4 
C16:1ω7 7.8 − 30.2 25.3 7.9 − 28.9 6.6 
C16:1ω5 0.4 − 33.5 58.9 0.4 − 37.6 22.5 
C16:0 24.8 − 28.7 − 0.6 26.0 − 28.2 − 9.3 
10Me-C16:0 1.2 − 30.0 − 9.1 1.0 − 28.6 − 4.0 
 iC17:0 1.1 − 29.9 − 14.0 1.0 − 23.3 − 15.1 
aiC17:0 1.2 − 29.1 − 7.9 1.0 − 27.8 − 5.3 
C17:1 0.3 − 30.6 − 3.3 0.2 − 32.4 − 4.0 
C17:0 1.0 − 26.1 − 9.7 1.0 − 24.8 − 8.8 
C18:2 5.2 − 24.3 − 23.6 4.5 − 24.1 − 24.5 
C18:1ω9 31.9 − 27.2 − 26.8 31.0 − 26.7 − 26.7 
C18:1ω7 4.1 − 29.5 16.2 3.9 − 30.0 − 3.9 
C18:0 10.9 − 27.4 − 24.2 12.6 − 26.6 − 26.2 
 
5.2.3. Lipid biomarkers analysis 
Lipid biomarker analyses were performed at the MARUM-University of Bremen (Germany). The 
total lipids extracts of freeze dried sediment samples were obtained following a modified Bligh 
and Dyer (1959) procedure (Sturt et al., 2004). This method consists of four steps using 
dichloromethane/methanol twice with phosphate as well as trichloroacetic acid buffers. 2-
methyl-octadecanoic acid was used as internal standard. An aliquot of the total lipid extract was 
saponified following Elvert et al. (2003). This method includes a base saponification using 
potassium hydroxyde in methanol, base extraction of the neutral lipids and acid extraction of the 
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free fatty acids. Prior to analysis, fatty acids were derivatized using boron trifluoride (BF3) in 
methanol (Merck), leading to fatty acid methylesters. Identification of fatty acids was performed 
by gas chromatography - mass spectrometry (GC-MS) combining an Agilent 6890N gas 
cromatograph with an Agilent 5973N mass selective detector. The capillary column was Restek 
Rtx®-5MS silica column with 30 m of length, 0.25 mm of internal diameter and 0.25 μm of film 
thickness. The GC operating conditions were as follows: 2 μL sample volume were injected at 60 
°C for 1 min. Temperature was increased from 60 to 150 °C at 10 °C min-1, then to 320 °C at 4 °C 
min-1. The total running time was 60 min. Helium was used as carrier gas with a flow-rate of 1.0 
mL min-1. The full scan electron impact mass spectra were recorded at a range of 50-700 m/z. 
Fatty acids were quantified by gas chromatography coupled to a flame ionization detector (GC-
FID) using same oven operating conditions than with the GC-MS. The carbon isotopic 
compositions were determined by GC-isotopic ratio-MS (GC-irMS) using a Thermo Scientific Trace 
GC Ultra coupled to a Thermo Scientific Delta V Plus irMS. The reference gas used was CO2 with 
an isotopic ratio of ‒35.25‰ and squalane as injection standard. The carbon isotopic ratio values 
were expressed in the delta notation (?13C) relative to Vienna Peedee Belemnite (13C/12CVPDB = 
RVPDB = 0.0112372) according to ?13C (‰) = [(Rsample / Rstd) – 1] x 1000, where Rsample and Rstd are 
the 13C/12C ratio values of sample and standard, respectively. Incorporation of 13C in the labeling 
experiment is reflected as an excess compared to the background samples 13C and is expressed 
in terms of total uptake after Middelburg et al., (2000). Total uptake of 13C was calculated as the 
product of excess 13C (E) and concentration of the respective compound. E was the difference 
between the fraction F of the sample and background: E = Fsample – Fbackground, where F = 13C / (13C 
/ 12C) = R / (R+1) and R = (?13C / 1000+1) x RVPDB. Furthermore, fatty acids were categorized as 
potential chemoautotrophy biomarkers, depending on the ratio dark versus light (Fig. 5.3d), 
obtained as a function of the relative and total 13C-bicarbonate uptake (Table 5.1; Fig. 5.3a,b). 
Those fatty acids showing a dark/light ratio ≥ 1, indicated higher uptake under dark than under 
light conditions, and were categorized as potential chemoautotrophic biomarkers. In contrast, 
potential photoautotrophic biomarkers were considered those fatty acids with at least five times 
more uptake under light than under dark conditions, meaning ratios dark/light < 0.2 (Fig. 5.3d). 
A nonmetric multidimensional scaling (NMDS) analysis was performed in order to assess how 
incubated samples (during 6 – 48 h in the dark) are similar or different to each other based on 
the incorporation of 13C-bicarbonate into different fatty acids. Dissimilarity among samples was 
calculated based on Bray-Curtis dissimilarity index. Separation of groups identified with the 
NMDS analysis was furthermore tested for significance using the non-parametric Analysis of 
Similarity Test (ANOSIM). Pearson’s correlation analyses were performed in order to test if 
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incorporation of 13C-bicarbonate into the same fatty acids was significantly correlated with 
sediment depth. 
 
Fig. 5.2: 16S rRNA sequences of the bacterial community structure at phylum (a) and class (b) level of 
Dominica hydrothermal sediment. Only bacteria with more than 1% of relative abundance are shown. 
Phylum and classes with less than 1% presence are grouped in the category “< 1% abundance”. Color code 
in (a) indicates if the phylum was only present in surface sediment (yellow), decreased its relative 
abundance with depth (orange), did not show relevant differences in relative abundance on the different 
layers (green), increased the relative abundance in depth (blue) or was exclusive to the subsurface layers 
(2-10 cm; red). Genus identified and their relative abundance are presented in (b).  
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5.2.4. Bacterial community structure analysis 
The bacterial diversity was assessed in five depths layers (0 − 2, 2 − 4, 4 − 6, 6 − 8, 8 − 10 cm) of 
one of the cores incubated in the dark for 48 h. DNA was extracted from 0.5 g of sediment using 
the FastDNA® SPIN Kit for Soil (MP Biomedicals, Irvine, USA), and finally eluted in 50 μL 1 x Tris-
EDTA buffer (Promega, Madison, WI, USA). Bacterial communities were analyzed by sequencing 
the v3 – v4 hypervariable region of the 16S rRNA gene using the primer pair S-D-Bact-0341-b-S-
17 and S-D-Bact-0785-a-A-21 with Illumina MiSeq (MR DNA; Texas, USA). Multifasta files were 
parsed, checked for quality and trimmed with split_libraries.py command as implemented in 
QIIME v1.9.1 (Caporaso et al., 2010). Sequences processing, including alignment, quality control, 
dereplication, clustering and classification, was done with the SILVAngs analysis pipeline 1.2 
(SILVA SSU Ref dataset 119.1; Quast et al., 2013). Sequences were clustered in operational 
taxonomic units (OTU0.03) based on 97% sequence similarity. All downstream statistical analyses 
were done in R (R Core Team, 2015), using the vegan package (Oksanen et al., 2015) and custom-
based scripts. All analyzes were done excluding OTU0.03 singletons (e.g. OTU0.03 represented by 
only one sequence in the whole dataset). Prior to this, the data were normalized to the sample 
with the least number of sequences (8 – 10 cm depth; 28,305 sequences). Data interpretation is 
based on the relative abundances of the sequences classified at the class or genus level. The 
percentage of unclassified sequences was 10% for the surface sample (0 – 2 cm) and 26 ± 3% for 
the subsurface samples (2 – 10 cm) at class level, and 79 ± 2% at genus level in all sediment 
depths. 
5.3. Results 
5.3.1. Bacterial community composition 
Bacterial community analysis of the incubated samples revealed variations in the taxonomical 
composition in function of sediment depth, with most pronounced differences between surface 
(0 - 2 cm) and subsurface (2 - 10 cm) layers (Fig. 5.2). Anaerolineae of the Chloroflexi was the 
most abundant bacterial class, with a similar relative abundance in all depth layers (28 − 38%, Fig. 
5.2). On the other hand, Bacteroidetes (6%), Cyanobacteria (4%) and Chlorobi (2%) were found 
almost exclusively at the sediment surface, while Acidobacteria (1%), Synergistetes (1%) and 
Thermotogae (1 – 2%) were mainly present in subsurface layers (2 − 10 cm) (Fig. 5.2a). The phyla 
that increased in relative abundance with depth were Candidate division OP8 (1 − 7%), 
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Deferribacteres (2 − 5%), Nitrospirae (4 − 12%), and Planctomycetes (2 − 5%, Fig. 5.2a). These 
phyla comprised the most dominant genera of the whole dataset: the thermophilic bacteria 
Thermodesulfovibrio (Nitrospira) (9 − 36%), Caldithrix (Deferribacterales) (7 − 25%) and 
Pir4_lineage (Planctomycetes) (1 – 11%) (Fig. 5.2b). In contrast, Proteobacteria was the only 
phylum for which the relative abundance decreased with depth (25 − 12%, Fig. 5.2a).  
The abundance of potential iron-oxidizers was the highest in the surface layer (Rhodovulum (< 1 
– 3%) and Paracoccus (< 1 – 1%) belonging to the Alphaproteobacteria, and Mariprofundus (1 – 
7%) belonging to the Zetaproteobacteria; Fig. 5.2b). A similar distribution was revealed for 
Epsilonproteobacteria (2%), which included sequences affiliated to numerous 
chemolithoautotrophic bacteria, such as Sulfurimonas (1%), Arcobacter (1%), and Sulfurovum 
(1%) (Fig. 5.2b). In contrast, Deltaproteobacteria (6 − 7%) and Gammaproteobacteria (2 − 10%) 
were found in all depth layers (Fig. 5.2b). The most abundant sequences of these classes were 
affiliated to numerous iron-utilizing and/or chemolithoautotrophic genera, such as 
Acidiferrobacter (1 – 3%), Thermomonas (≤ 1%), Geothermobacter (1 – 10%), Desulfobulbus (1%), 
and Desulfuromusa (≤ 1%) (Fig. 5.2b). 
5.3.2. 13C-bicarbonate incubations 
Uptake of ¹³C-bicarbonate under light and dark conditions revealed active photo- and 
chemoautotrophic communities in the Dominica shallow hydrothermal system (Table 5.1; Fig. 
5.3). In this study, minimum uptake was found into polyunsaturated fatty acids that are typical 
for eukaryotic algae (Table 5.1), suggesting that the synthesis of new fatty acids from the 13C 
tracer was primarily due to Bacteria (e.g. Middelburg et al., 2000; Boschker et al., 2014). Elevated 
13C incorporation was measured mainly for fatty acids with a chain length from C14 to C18, which 
corresponds to the chain length of known specific bacterial biomarkers (Table 5.1; Fig. 5.3a,b; 
Middelburg et al., 2000). The natural isotopic composition of fatty acids was determined from 
incubations without tracer addition, averaging ‒ 29.0 ± 2.6‰ in the light and ‒ 29.2 ± 3.8‰ under 
dark conditions (Table 5.1). Highest enrichment was reached for the unsaturated fatty acids 
C16:1ω5 (58.9‰), C16:1ω7 (25.3‰), and C18:1ω7 (16.3‰) during light incubation, and C16:1ω5 (22.5‰), 
C16:1ω7 (6.6‰) and iC16:0 (5.6‰) under dark conditions (Table 5.1). Total uptake of 13C-bicarbonate 
accounted for up to 329 ± 34 pg13C g-1 sediment (dry weight, dw) in the light and 213 ± 27 pg13C 
g-1 of sediment (dw) in the dark (Fig. 5.3b, 5.3c), accounting for incorporation rates of 14 and 9 
pg13C g-1 h-1, respectively. As photoautotrophy can be ruled out in the dark, but photo- and 
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chemoautotrophy could be co-occurring during light incubation, we estimated that 
chemoautotrophy accounted for up to 65% of the total carbon fixation (dashed lines; Fig. 5.3c). 
In order to evaluate the potential of specific fatty acids as biomarkers for either chemo- or 
photoautotrophic processes, we calculated the ratios between dark and light incubations (Fig. 
5.3d) of the relative 13C uptake (Fig. 5.3a) and the total 13C uptake (Fig. 5.3b). Incorporation of 13C 
into the diverse bacterial fatty acids differed as a function of light availability, supporting the 
potential of fatty acids as lipid biomarkers for either chemo- and photoautotrophy in shallow 
hydrothermal systems. The fatty acids with higher 13C incorporation under dark conditions (Ratio 
≥ 1) were identified as potential chemoautotrophic biomarkers, including aiC15:0 (Ratio = 1.16 − 
1.21), C15:0 (Ratio = 1.38 − 1.46), iC16:0 (Ratio = 1.03 − 1.24) and 10Me-C16:0 (Ratio = 0.92 − 1.18) 
(Fig. 5.3d). In addition, fatty acids that are potentially linked to chemoautotrophy as their 
dark/light ratios were between 0.8 − 1 included fatty acids aiC17:0 (Ratio = 0.85 − 1.06), C17:1 (Ratio 
= 0.80 − 1.04) and C17:0 (Ratio = 0.94 − 0.98) (Fig. 5.3d). In contrast, the fatty acids categorized as 
being most likely linked to photoautotrophs were C18:2 (Ratio = 0), revealing 13C incorporation 
from the added tracer only under light conditions, as well as C18:1ω9 (Ratio = 0.06) and C18:0 (Ratio 
= 0.16), for which the uptake under light conditions was at least five times higher than under dark 
conditions (Ratio < 0.2) (Table 5.1; Fig. 5.4).  
Incubations in the dark as a function of time (6, 12, 24 or 48 h) and sediment depth (0 − 2, 2 − 4, 
4 − 6, 6 − 8 or 8 − 10 cm) were performed to obtain further insights into the chemosynthetic 
activity at different redox interfaces. Highest total 13C incorporation was always found at the 
sediment surface (0 − 2 cm), but it decreased to half after 12 h, being 763 − 798 pg13C g-1 sediment 
at 6 h and 12 h and 302 − 325 pg13C g-1 sediment at 24 and 48 h, respectively (0 − 2 cm; Fig. 5.4a). 
This resulted in a decreasing rate of trace consumption per hour of 127, 67, 13 and 7 pg13C g-1     
h-1, respectively. The decrease in 13C incorporation observed after longer incubation was even 
more evident in deeper layers (2 − 8 cm), with total 13C uptake values between 42.5 − 188.1 pg13C 
g-1 sediment at 6 h (rate of 7 − 31 pg13C g-1 h-1), 423 − 557 pg13C g-1 sediment at 12 h (rate of 35 − 
46 pg13C g-1 h-1) and only 22.8 − 26.7 pg13C g-1 sediment at 24 and 48 h (rate of 1 − 0.5 pg13C g-1 h-
1), respectively. The deepest layer (8 − 10 cm) presented low, but consistent 13C uptake of 9.2 − 
26.1 pg13C g-1 sediment (dw) for all incubation times (rate ~1 pg13C g-1 h-1) (Fig 5.4b). NMDS 
analysis and ANOSIM test based on the total uptake of 13C into every fatty acid for all depths and 
incubation times, confirmed the presence of two groups of samples that were statistically 
different from each other (ANOSIM R value = 0.9; Bonferroni corrected p < 0.0001; Fig. 5.4b). 
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One group included all surface samples together with subsurface samples up to 6 and 8 cm depth 
that were incubated for 6 and 12 h (group I; Fig. 5.4b). The second group included all subsurface 
samples that were incubated for 24 and 48 h (2 − 10 cm) as well as the deepest layers (6 − 10 cm 
and 8 − 10 cm) of 6 and 12 h incubations (group II; Fig. 5.4b). Furthermore, incorporation of 13C 
into most of the bacterial fatty acids was significantly negatively correlated to sediment depth (R 
correlation [− 0.5, − 0.7]; p value < 0.005; * symbol, Fig. 5.4b).  
5.4. Discussion 
5.4.1. Imprint of geochemistry onto bacterial composition 
The geochemistry of the Dominica shallow hydrothermal system is characterized by iron redox 
cycling. In the Soufrière Bay system studied here, hydrothermal fluids with a temperature of 55 
°C and a slightly acidic pH of 6.33 are discharging large amounts of dissolved Fe2+ (214.7 μM), 
precipitating out as Fe3+ oxides upon contact with the oxygenated seawater (Gomez-Saez et al., 
2015; Fig. 5.1). The capacity to oxidize or reduce iron is widespread among Bacteria and Archaea 
(Emerson et al., 2010). In line with this, our analysis revealed the presence of diverse and 
abundant key players in iron cycling, suggesting that microbially mediated iron redox processes 
play an important role in the biogeochemistry of the Dominica shallow hydrothermal system (Fig. 
5.2).  
In this study, we could detect a high diversity of Bacteria known to be involved in iron-oxidation, 
belonging mainly to the Alpha-, Beta-, Gamma- and Zetaproteobacteria. The most well 
documented marine iron oxidizer is Mariprofundus ferrooxydans belonging to the 
Zetaproteobacteria. Mariprofundus was among the ten most abundant genera in our dataset. 
The sequences were mainly identified in the surface layer, where physicochemical conditions are 
suitable for iron-oxidation due to the high dissolved Fe2+ concentration and the availability of 
oxygen from the overlaying water which, in addition to the pH, are in accordance with cultivation-
based studies characterizing Mariprofundus as an oxygen-dependent obligate lithotrophs 
growing over a pH range of 5.5 − 7.2 (Emerson et al., 2007; Emerson et al., 2010). Iron-oxidizing 
Zetaproteobacteria have previously been found mainly at low-temperature deep-sea 
hydrothermal vents (Emerson and Moyer, 2002; Emerson et al., 2010), but also at a brackish 
nearshore marine environment (McBeth et al., 2011), in groundwater in the Baltic Sea (Ionescu 
et al., 2015) as well as at a marine shallow hydrothermal system off Santorini (Greece) that has a 
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similar geochemistry to Dominica (Hanert, 2002; Handley et al., 2010). The temperature of the 
Santorini hydrothermal sediment was between 20 – 40 °C (Handley et al., 2010), which is 
consistent with the upper growth limit of 30 °C reported for Mariprofundus ferroxydans (Emerson 
et al., 2007). Therefore, our study is the first to report the occurrence of Mariprofundus at a 
substantially higher temperature (55 °C), suggesting a higher temperature growth limit than 
previously thought for this marine iron oxidizer. The freshwater iron-oxidizer Gallionella was 
virtually not present in any of the incubated samples, confirming results of previous studies 
showing their absence in marine ecosystems (e.g. Hanert et al., 2002; Handley et al., 2010). 
However, other highly abundant chemolithotrophs that obtain energy via oxidation of iron were 
detected and included sequences affiliated with Acidiferrobacter, a genus that is distantly related 
to the well-known thermo-tolerant (temperature ≤ 47 °C) iron-oxidizers belonging to the genus 
Acidithiobacillus (Hallberg et al., 2010). 
In addition to iron-oxidizers, we could also identify numerous taxa potentially capable of reducing 
iron, mainly Deltaproteobacteria. Iron reduction cannot be inferred from phylogeny because 
many of these microorganisms are capable of using electron acceptors other than Fe3+ (e.g. 
Lovley, 2006; Handley et al., 2010; Ionescu et al., 2015). Although Shewanellaceae of the 
Gammaproteobacteria are among the most commonly identified iron-reducing bacteria (Zhang 
et al., 2005), they were hardly detected in this study, suggesting they do not play role in the iron 
cycling at the Dominica shallow hydrothermal system. In contrast, the thermophile 
Geothermobacter, originally isolated from deep-sea hydrothermal vents (Kashefi et al., 2003), 
was by far the most dominant deltaproteobacterium that could be identified as a potential iron-
reducer. Geothermobacter was among the five most abundant genera in the whole dataset, 
suggesting its high relevance for iron cycling at Dominica vents. In our study, we detected other 
less abundant iron-reducing taxa that are known to also use oxidized sulfur species as electron 
acceptor, like Deferribacteres, Desufobulbus and Desulfuromonas. This is in accordance with 
previous studies on hydrothermal ecosystems, including shallow-water vents (Takai et al., 2003; 
Slobodkina et al., 2009; Handley et al., 2010; Price et al., 2013b). The relevance of 
chemosynthesis as a significant way to fix inorganic carbon at the shallow vents of Dominica, was 
furthermore supported by the presence of few highly abundant chemolithotrophic genera that 
obtain energy via oxidation of chemical species other than iron. These included the sulfate-
reducing Thermodesulfovibrio, nitrate-reducing Caldithrix, as well as the sulfur-oxidizing 
Sulfurimonas (Epsilonproteobacteria), despite the low H2S concentrations in Soufrière Bay 
hydrothermal fluids (1.3 μM of H2S; Gomez-Saez et al., under review) but potentially using H2 
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(Sievert and Vetriani, 2012) in the Dominica system. All of these taxa have been previously found 
at thermally active sites and at deep-sea hydrothermal vents (Henry et al., 1994; Miroshnichenko 
et al., 2003; Inagaki et al., 2003).  
Therefore, our study suggests that the Dominica marine shallow hydrothermal system is a 
hotspot for the presence of iron oxidizers and reducers, as well as other chemoautotrophic 
bacteria generally known from deep-sea hydrothermal vents. This must be explained by the 
hydrothermalism and specific geochemistry of Dominica with continuous flow of dissolved Fe2+ 
and other reduced substances, as well as the similar temperature of Dominica surface sediment 
(55 °C) to the optimal growth temperature of many thermophilic chemoautotrophic bacteria (e.g. 
Kashefi et al., 2003; Takai et al., 2003). The bacterial community structure of the Dominica 
shallow vents varied with sediment depth, with clear domination of a mixed photo- and 
chemoautotrophic community in the surface layer and exclusively chemoautotrophic 
microorganisms in the deeper layers. This is consistent with the analysis of another iron-enriched 
shallow hydrothermal system off Santorini (Greece) (Handley et al., 2010), where a similar 
gradational shift and high abundances of Mariprofundus, Geothermobacter, and Chloroflexi in 
the surface layers and Deltaproteobacteria (Desulfuromonadales and Desulfobulbus) in deeper 
layers were also revealed (Handley et al., 2010). The relative importance of chemo- and 
photoautotrophs in the Dominica shallow hydrothermal system and the identification of 
potential lipid biomarkers for both processes are discussed in detail in the next section. 
5.4.2. Relative importance of chemoautotrophy and photoautotrophy 
At marine shallow hydrothermal systems, chemosynthesis is a process that co-occurs with 
photosynthesis (Tarasov et al., 2005). The proportion of chemoautotrophy to photosynthetic 
primary production differs from one shallow hydrothermal system to the other, with recorded 
values of up to 50% (Tarasov et al., 2005). In our study, based on 13C incorporation into bacterial 
fatty acids as a function of light availability, we estimated that chemoautotrophy could account 
for of up to 65% of total carbon fixation (Fig. 5.3c; dashed lines), suggesting that 


































































































































































































































































Chemosynthesis can be inhibited whenever CO2 is limited (Thomsen and Kristensen, 1997), which 
is generally unlikely in shallow hydrothermal vents (Dando et al., 2000). Potentially, 
chemosynthesis could be furthermore enhanced due to the increased availability of oxygen as 
electron donor produced by diatoms or cyanobacteria during oxygenic photosynthesis, which 
would occur only in the presence of light. Our fatty acids results did not support the possibility of 
active diatoms in the system, as we did not detect incorporation in their most characteristic long 
chain C20:4ω6 and C20:5ω3 fatty acids (Volkman et al., 1989). However, the polyunsaturated C16 and 
C18 fatty acids are very common in cyanobacteria (Caudales et al., 2000; Gugger et al., 2002), and 
we found cyanobacteria almost exclusively in the surface layer and tracer incorporation into C18:2 
fatty acid only under light conditions. Thus, our results support the possibility of active 
cyanobacteria performing oxygenic photosynthesis in Dominica surface sediment, potentially 
stimulating aerobic chemoautrophy at the surface, suggesting that the estimated 
chemoautotrophy could be even higher than 65% of the total carbon being fixed in the present 
system. 
On the other hand, light availability and high abundance sequences belonging to the phylum 
Chloroflexi might reflect anoxygenic photoautotrophy in the surface layer. The functional role of 
Chloroflexi in chemosynthetic ecosystems remains unclear despite their frequent occurrence at 
other reduced ecosystems (e.g. cold seeps; Pop Ristova et al., 2015). However, none of the 
Chloroflexi classes identified in our study (Anaerolineae, Ardenticatenia and Caldilineae) have 
been previously reported as photoautotrophs. Instead, they are considered chemoorganotrophic 
bacteria (Sekiguchi et al., 2003; Yamada et al., 2006; Kawaichi et al., 2013). In our study, the most 
abundant fatty acids in Chloroflexi (aiC17:0, aiC15:0, iC15:0 and C16:0; Yamada et al., 2006) were 
classified as potential chemoautotrophic biomarkers or as being widespread among photo- and 
chemoautotrophs, but none of them were categorized as a potential biomarker for 
photoautotrophy. Therefore, we suggest that Chloroflexi are not likely to be performing 
anoxygenic photoautotrophy in the Dominica shallow hydrothermal system. This is consistent 
with the abundant presence of Anaerolinea thermophila of Chloroflexi in surface and subsurface 
layers in the iron-rich Santorini shallow hydrothermal system, where Chloroflexi were suggested 
as heterotrophs, and not contributing to primary production in the system (Handley et al., 2010). 
At the studied shallow hydrothermal system, the continuous supply of reduced substances from 
below is supporting an active community of chemoautotrophs. In particular, the constant flux of 
dissolved Fe2+ is a likely energy source for iron-redox chemoautotrophs and our stable isotope 
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probing experiments suggest the presence of active iron redox bacteria. For instance, our study 
classified the 10Me-C16:0 as potential biomarker indicative of chemoautotrophy. This fatty acid 
has been reported as biomarker for iron reduction performed by the deltaproteobacterium 
Geobacter sp. (Lovley et al., 1993; Zhang et al., 2005). In our study, 10Me-C16:0 might be linked to 
the deltaproteobacterial genus Geothermobacter, which was among the five most abundant 
genera in our bacterial community analysis.  
 
Fig. 5.4: Total uptake (a) of 13C-bicarbonate into different fatty acids after sediment core incubation under 
dark conditions in function of time (6, 12, 24 or 48 h) and sediment depth intervals (0 − 2, 2 − 4, 4 − 6, 6 − 
8 or 8 − 10 cm). Colors are attributed in function of the ratios dark/light of 13C-bicarbonate uptake 
explained in Fig. 5.3d. Statistical analysis of similarity considering the 13C total uptake in every fatty acid 
of all depths and incubation times, confirmed the presence of two groups of samples statistically different 
from each other presented in (b). (*) are fatty acids significant negatively correlated to sediment depth.
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Another factor supporting chemosynthesis in Dominica shallow hydrothermal system may be the 
hydrothermal circulation in the permeable sediment. In our study, chemoautotrophy in Dominica 
shallow hydrothermal system was detected mainly in the surface layer (0 − 2 cm) and up to 8 cm. 
Chemosynthesis was present in similar depths than Dominica in intertidal permeable sediments 
(e.g. Enoksson and Samuelsson, 1987; Lenk et al., 2011) where oxidants such as oxygen are 
transported deeper into the sediment by advective porewater flows (Billerbeck et al., 2006). In 
contrast, in sulfidic marine coastal sediments from the North Sea, chemoautotrophy was limited 
to the top 0.5 cm of the sediment which contained the oxic top layer, and below 1 cm depth no 
chemosynthesis was measured (Boschker et al., 2014). In our study, the 13C uptake was detected 
in subsurface during short time incubations at 6 and 12 h. The decrease in uptake after longer 
incubation supported the relevance of hydrothermal circulation in chemosynthesis. Incubation 
at different redox interfaces were performed under laboratory conditions, mimicking the natural 
conditions but limiting the continuous supply of reduced substances from below and probably 
generating an anoxic environment after 12 h. Further research on in situ measurements of tracer 
incorporation performed in submarine hydrothermal sediments will improve our understanding 
of chemosynthesis in hydrothermal ecosystems. 
5.5. Conclusions 
In this study, we combined stable isotope probing of lipid biomarkers with bacterial community 
structure analysis to provide evidence that chemoautotrophy, in parallel to photoautotrophy, 
plays a significant role for carbon fixation in a light-exposed iron-enriched marine shallow 
hydrothermal system. Uptake into bacterial fatty acids suggested active photo- as well as 
chemoautotrophic communities, indicating that chemosynthesis was responsible for up to 65% 
of total carbon fixation. Elevated 13C incorporation under dark conditions allowed identification 
of aiC15:0, C15:0, iC16:0 and 10Me-C16:0 as potential lipid biomarkers for chemoautotrophy. 
Furthermore, our study suggested Dominica marine shallow hydrothermal system as a hotspot 
to detect iron redox microbes (e.g. Zetaproteobacteria) as well as other chemoautotrophic 
bacteria generally known from deep-sea hydrothermal vents. This must be explained by the 
unique geochemistry of Dominica with continuous flow of dissolved Fe2+ and other reduced 
substances and the similar temperature of Dominica surface sediment (55 °C) to the optimal 
growth temperature of many thermophilic chemoautotrophic bacteria. In conclusion, our study 
highlighted the Dominica shallow-water hydrothermal system as a hotspot for chemoautotrophy, 
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emphasizing chemosynthesis as a major process in biomass production at marine coastal 
environments with hydrothermalism. 
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This doctoral dissertation focused on the unique biogeochemistry of marine shallow 
hydrothermal systems. Using an interdisciplinary methodological approach, the redox 
transformations of hydrothermal DOM were characterized at a molecular level and the relative 
importance of chemoautotrophy in primary production was tested isotopically.  
From a global perspective, this thesis suggests marine shallow hydrothermal systems are a: 
? Source of reduced and highly reactive DOM and DOS, which will likely get oxidized after 
contact with oxygenated seawater. 
? Hotspot for chemoautotrophy, emphasizing chemosynthesis as a major process of 
primary production in marine coastal environments with hydrothermal influence.  
Regarding essential biogeochemical cycles in the oceans, this thesis provides molecular evidence 
for: 
? Co-precipitation of DOM with iron at hydrothermal systems as a selective process, which 
characteristically alters the DOM released with hydrothermal fluids. 
? Abiotic sulfurization of DOM in marine shallow hydrothermal systems, suggesting novel 
insights about DOS dynamics in marine hydrothermal environments.  
Finally, this thesis specifically highlights the potential of investigating: 
? The hydrothermal fluids and iron precipitates with ultra-high resolution mass 
spectrometric techniques (FT-ICR-MS), to improve the general understanding of DOM and 
iron in hydrothermal systems. 
? Molecular-scale mechanisms in organic sulfur geochemistry, suggesting a conceptual 
framework to investigate the role of organic sulfur in marine ecosystems. 
? Shallow-water hydrothermal systems as appropriate analogs of deep-sea vents in order 
to study chemoautotrophic microorganisms (e.g. Zetaproteobacteria) and specific abiotic 
processes (e.g. DOC depletion due to hydrothermal circulation) generally known from 
deep-sea hydrothermal environments. 
114 
 
6.2. FUTURE PERSPECTIVES 
 
To estimate the global fraction of DOC that is removed through hydrothermal circulation in 
shallow systems. 
Thermal degradation of DOC may be feasible in shallow systems, though the temperature 
difference between fluids and seawater is less severe in shallow hydrothermal systems than in 
deep-sea vents (Tarasov et al., 2005). The DOC concentration of Milos and Dominica fluids (Table 
3.1) was lower than surface seawater DOC, and between the averaged DOC concentrations of 
high temperature deep-sea hydrothermal fluids (200-350 °C; 15-17 μM of DOC) and low 
temperature diffuse fluids (20-85 °C; 47-48 μM of DOC) (Juan de Fuca Ridge; Lang et al., 2006). 
In Iceland, the DOC was considerably higher because of the proximity to the terrestrial 
environment but again lower in the fluids than in seawater (Table 3.1). On a global perspective, 
hydrothermal removal rates are of minor relevance to the total DOC in the oceans (Lang et al., 
2006; Hansell, 2013) but they only include deep-sea vents investigations with all of their fluids 
sourced in seawater recirculating (Hawkes et al., 2015). Knowing the total recycling time of 
oceanic water through high-temperature hydrothermal systems (~40 million years; Elderfield and 
Schultz, 1996; Hawkes et al., 2015), potential estimation of DOC removal due to hydrothermal 
circulation in shallow-water systems could be constrained in function of (1) temperature of the 
fluids and (2) percentage of seawater influence in the fluid composition. 
 
To investigate the role of chemosynthesis as potential major process in other environments and 
combine stable isotope probing of lipid biomarkers and RNA 
This thesis highlights chemosynthesis as a major process in primary production at marine shallow 
hydrothermal systems (Chapter 5). Given the relevance of chemosynthesis in the carbon cycle, 
its relative importance in primary production should be quantified in more environments where 
chemosynthesic activity occurs due to geological, biological or anthrophogenic processes. So far, 
only 5 studies quantifying chemoautotrophy rates in marine coastal environments or brackish 
lake sediments without hydrothermal activity are available in the literature (Enoksson and 
Samuelsson, 1987; Thomsen and Kristensen, 1997; Lenk et al., 2011; Santoro et al., 2013; 
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Boschker et al., 2014). Global calculations of the role of chemoautotrophy should be a promising 
tool towards a better understanding of carbon fixation in marine and terrestrial environments. 
On the other hand, identifying microorganisms responsible for recognized environmental 
processes remains a great challenge in contemporary microbial ecology (Manefield et al., 2002a). 
The approach followed in this thesis combined stable isotope probing of lipid biomarkers (lipid-
SIP) with DNA bacterial community structure analysis. Lipids can encode both metabolic and 
physiologic information that can be combined with quantitative information of major groups of 
organisms. Although DNA analysis provides valuable taxonomic information, it is not linked to 
the metabolic activity in the system and includes molecular data about inactive microbes present 
in the sediment. Therefore, a potential way to improve the lipid-SIP analyses would be to 
combine it with information about the uptake of the added tracer into the rRNA, and monitor it 
via stable isotope probing as well (RNA-SIP) (e.g. Manefield et al., 2002a, 2002b). This novel 
combination of lipid-SIP and RNA-SIP may allow an estimation of the carbon turnover and at the 
same time provide detailed taxonomic information on the metabolically active organisms. 
 
To investigate the exclusive fraction of DOM and functional groups of DOS in other marine 
reduced environments 
In this thesis, the DOM molecular signature analysis was based on presence/absence of individual 
formulas to identify the exclusive compounds from shallow hydrothermal fluids and link them to 
different geochemical processes (abiotic sulfurization of DOM, Chapter 3; co-precipitation of 
iron-DOM, Chapter 4). This type of report usually shows remarkable uniformity in large fraction 
of samples collected from different locations and depths in the ocean (Repeta, 2015). For 
instance, in the Weddell Sea only 2 molecular formulas were exclusive in surface waters and 79 
formulas in deeper samples than 3,500 m (Koch et al., 2005) or in terrestrial-influenced coastal 
waters of Mid Atlantic Bight only 32 formulas were exclusive to surface waters and 20 formulas 
were terrestrially derived (Kujawinski et al., 2009). This uniformity in DOM molecular formulas is 
generally attributed to refractory DOM with common compositional features that persists over 
thousands of years and is well mixed throughout the entire water column. However, in this thesis 
a higher fraction of exclusive DOM formulas from the fluids was detected, accounting for 322 
formulas in Milos, 223 in Dominica and 124 in Iceland (9, 7 and 6% of total DOM, respectively) 
(Chapter 3). Therefore, the exclusive fraction of reactive DOM from hydrothermal fluids was 
proportionally higher in marine shallow hydrothermal systems than in many other aquatic 
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environments, suggesting dynamic shallow hydrothermal systems as a source of highly reactive, 
non-persistent DOM and DOS. Analysis of the structural information of the reduced organosulfur 
compounds that were detected in hydrothermal fluids prior to oxidation after contact with 
oxygenated seawater (e.g. thiols derivatization; Pohlabeln and Dittmar, 2015) and investigation 
of the exclusive DOS fraction in other easily accessible reduced coastal environments (e.g. 
intertidal sediments; Seidel et al., 2014), will further improve our understanding of the underlying 
mechanisms that control global organic sulfur geochemistry and DOM persistence in the oceans. 
 
To explore the potential of marine shallow hydrothermal systems as analogs of ancient and 
extraterrestrial environments 
In this thesis, we highlighted the potential of investigating marine shallow hydrothermal systems 
as analogs of deep-sea vents. Hydrothermal activity has been reported in the Saturnian moon 
Enceladus (Hsu et al., 2015) and hydrothermal systems are one of the oldest continuously 
functioning ecosystems on Earth with microfossils observed in hydrothermal sulfide deposits of 
3.2 billion-years old (Rasmussen, 2000). Therefore, marine shallow hydrothermal systems studies 
could be explored as potential analogs of ancient microbial ecosystems, the chemical 
environment of the early Earth and other planetary bodies (e.g. Shock and Schulte, 1998; Crowe 
et al., 2008; Lang et al., 2010). In this context, iron precipitates might be considered as an archive 
of extraterrestrial organic carbon. Our data firstly showed the potential of FT-ICR-MS to perform 
molecular characterization of the DOM associated with iron precipitates. The use of FT-ICR-MS 
to study iron precipitates might be a promising technique to analyze the organic compounds 
recently found in Martian surface (Leshin et al., 2013; Blake et al., 2013) where abundance of 
Fe3+ oxides provide reddish appearance (Rubie et al., 2004), or to develop a novel approach to 
analyze the non-volatile organics compounds recently detected on the nucleus of a comet by the 
Rosetta spacecraft (Capaccioni et al., 2015). 
 
To perform in situ measurements and simultaneous analysis of fluids + sediment 
In this thesis, the positive output of combining different methodological techniques was 
evidenced. However, hydrothermal fluids and sediment were investigated separately. Most of 
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the processes discussed in this dissertation occurred instantaneously or in very short time 
frames. This generally represents a disadvantage for deep-sea vents research, as scientists must 
wait several hours until their samples reach the ship and can be treated and preserved. Although 
state-of-art methods are effective in preservation, in situ simultaneous analyses would allow 
targeting of the biogeochemical processes at the redox interface of hydrothermal systems in a 
very precise and accurate way. As shallow-water hydrothermal systems are not as problematic, 
for instance with regards to water-pressure, corresponding technologies investing less 
complications and economic expense than in deep-sea research could be developed. This might 
allow scientists to perform submarine filtration, extraction and acidification of DOM without 
external inconvenience such as air-mixing or photodegradation. In order to combine both fluids 
and sediment analyses, an interesting possibility would be to design a device where a non-stop 
flow of seawater heated at different temperatures goes through hydrothermal sediment which 
has been previously altered adding external substrate with a tracer. Afterwards, subsamples of 
DOM in the fluids, porewater DOM and the lipid signature in both sediments and water column 
would provide insights into a better understanding of potential abiotic and biotic hydrothermal 
processes (e.g. which microbes are active and releasing specific bioactive metabolites). 
Submarine sediment incubations performed in situ have been recently developed using the 
INSINC technology (“IN Situ INCubator”; MARUM, Germany). Regarding shallow systems, its 
potential use would provide accurate natural physicochemical conditions (e.g. T, pH, continuous 
flow, light and nutrient availability), minimizing the risk of losing microorganisms or exposing 
DOM to factors which were not present originally in the vents, and should therefore be 
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The evolution of microbial mats in a sediment underlying anoxic water of the Frasassi sulfidic 
springs follows two main successional stages. Namely, pink mats dominated by purple sulfur 
bacteria established first and are later replaced by cyanobacterial mats. We hypothesize that 
photosynthetic versatility represents the selective advantage of cyanobacteria over obligate 
anoxygenic phototrophs in the light exposed sulfidic spring environment. In pink mats we 
observed a very strong temporal coupling between sulfide production rates and anoxygenic 
photosynthesis (P) as inferred from in situ microsensor measurements. This coupling allowed for 
high gross photosynthetic rates that were comparable to the rates observed in oxygenic P-driven 
cyanobacterial mats, despite the moderate external availability of sulfide. In contrast, sulfide 
production and anoxygenic P were not well coupled in the cyanobacterial mats. The 
cyanobacteria only excreted freshly assimilated DOC during oxygenic P but not during anoxygenic 
P. Thus, sulfide production by anaerobic remineralisation was almost entirely dependent on 
oxygenic P, as supported by results obtained from stable isotope probing of lipid biomarkers 
targeting fatty acids (FA-SIP). This dependency likely disrupted the temporal coupling between 
anoxygenic P and anaerobic remineralisation and exerted a negative feedback effect on the rates 
of these two anaerobic processes. Based on a model of the S- C- and O-cycle, we hypothesize 
that versatile cyanobacteria further decrease the coupling efficiency between anoxygenic P and 
anaerobic remineralization by simultaneously producing O2 and incompletely reduced sulfur 
during oxygenic and anoxygenic P, respectively, which stimulates aerobic sulfur oxidation and 
decreases the competitiveness of anaerobic processes. Overall, this study emphasizes that the 
success of microbially mediated processes strongly depends on their complex spatio-temporal 
coupling efficiency with other processes. We discuss our results in the context of euxinic 








Imagine the chimney of a factory, venting waste products to the air. The smoke full of pollutants 
seems to disappear after it makes contact with the huge mass of air. Thousands of meters deep 
in the ocean, there are “black smoker chimneys” known as hydrothermal vents, which release a 
characteristic black smoke after mixing with seawater in a similar way. Instead of discharging 
chemicals derived from industrial processes, hydrothermal vents release compounds and 
elements to the ocean which were heated by the Earth´s magma. However, as The Little Prince 
said: “what is essential is invisible to the eye”; many different processes and interactions occur 
at the “invisible” crossing point of the fluids (hot and reduced) and the seawater (cold and 
oxygenated). With current technologies, it is possible to visualize at a molecular level these 
interactions. Therefore, hydrothermal vents are perfect windows to explore the marine geo-
biosphere interface. As you can imagine, the released compounds from hydrothermal vents are 
not common in the oceans, some of them even being toxic (e.g. hydrogen sulfide, smelling like 
rotten eggs). Consequently, you do not usually find a whale or a shark around a place where lots 
of iron or arsenic is discharged. Instead, you can find very interesting and “smart” 
microorganisms able to adapt themselves to extreme conditions and produce vital energy in 
amazingly exclusive ways. The discovery of hydrothermal systems, deep in the dark ocean where 
light does not penetrate, showed that life on Earth can be more diverse, widespread and resistant 
than previously thought possible. 
Hydrothermal vents taking place close to coastal sites, are known as “shallow-water 
hydrothermal systems”, and are the topic of study of this thesis. Instead of black smoke, the 
released fluids are “diffuse”, meaning that they look like “natural jacuzzis”. For example, check 
the photo of the cover of this thesis, which is from one of our study sites in Dominica Island. It 
was called “Champagne Reef” because it looked like sparkling bubbles from a champagne glass. 
Shallow hydrothermal vents are unique in the oceans for many reasons: sun light reaches the 
vents (allowing energy to be obtained from light in addition to the chemical substances coming 
from below), the magma is farther away than in deep-sea vents so the temperature of the fluids 
is not so high (allowing a wide range of microbes to live there), and they are located close to 
terrestrial environments (allowing land and rain water to influence the fluid composition as well 
as seawater). All these factors open a whole range of possibilities for exclusive abiotic (not linked 
to life) and biotic (linked to life) processes. In this thesis, I studied the hydrothermal fluids (water) 
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and the sediment (sand-mud) in marine shallow hydrothermal systems. In particular, (1) the 
transformations of the dissolved organic matter (DOM) occurring as soon as the hot fluids with 
unique compounds released from the vents reach the cold seawater (what is really going on when 
you stop watching the smoke out of the chimney?) (Chapter 3, 4 and S8), and (2) the role of the 
microbes using reduced chemicals from the fluids to obtain energy (chemoautotrophs) (Chapter 
5 and S7). 
The Chapter 3 focused on the compounds that are dissolved, organic and, interestingly, 
containing sulfur. Hydrothermal vents can release highly reactive sulfur compounds that become 
unreactive ones (fully oxidized and hydrolyzed) in seawater (check the label of a drinking water 
bottle, there are sulfur compounds but they are unreactive and luckily you do not get poisoned!). 
Therefore we studied how dissolved organic sulfur (DOS) compounds change when the fluids get 
in contact with seawater, and when seawater circulates through the seafloor and sulfur is 
incorporated into the molecules (prior to being released again). We studied three shallow 
hydrothermal systems off Milos (Eastern Mediterranean), Dominica (Caribbean Sea) and Iceland 
(North Atlantic). Although their environments are completely different, we found very interesting 
similarities and differences on DOS compounds, providing molecular evidence for abiotic 
sulfurization of DOM in marine shallow hydrothermal systems.  
In the next chapters, we studied the site of Dominica Island (Caribbean Sea), which vents are rich 
in iron. Hydrothermal systems represent one of the few sources of iron to the ocean, and thus 
the understanding of iron dynamics in these environments is crucial. In the Dominica system, 
dissolved iron (Fe2+) in the fluids precipitates to form Fe3+ oxides leading to sediments with a 
similar orange-red color as what you see in Curiosity Rover pictures of the surface of Mars. In 
Chapter 4, we studied the abiotic interaction of the hydrothermal iron and DOM. We found that 
iron is precipitating with selectivity (not choosing the DOM randomly!) in a similar way to 
terrestrial environments (preferentially with compounds derived from vascular plants). In 
Chapter 5, we investigated the biotic relevance of the microbes using chemical substances 
(chemoautotrophs) in Dominica sediments. Although light is available, we found that 
chemosynthesis in dark incubations can explain up to two thirds of the total carbon fixation. 
Potential microbes in charge of this chemosynthesis were identified in the sediment. Many of 
them were generally known from deep-sea hydrothermal vents, with a metabolism linked to iron 
(obtaining the energy by iron reduction or oxidation) and thermophilic ones (able to live under 
extreme temperature conditions – remember, the fluids are hot!). 
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In conclusion, this thesis (1) reveals novel insights about the sulfur organic compounds dissolved 
in seawater and what happens to them in hydrothermal environments; (2) provides evidence for 
the selectivity of iron when precipitates at marine systems; and (3) highlights chemoautotrophy 
as a major process in hydrothermal vents from shallow-water systems.  
I hope you all enjoyed reading this dissertation and could learn a little bit more about marine 
shallow hydrothermal systems and the imprint of their exclusive biogeochemistry on dissolved 
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